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This article reviews publications with the goal of understanding the role of
hydrophobic copolymers added to size-press starch as a means to make
paper products more resistant to penetration by aqueous fluids. The
underlying technology is considered, including background related to
starch, size-press equipment, and various hydrophobic copolymers and
latex products that have been evaluated. The resulting hydrophobization
of the paper has been reported to depend not only on the dosage of the
hydrophobic additive, but also on its molecular mass and ionic form. The
mechanism appears to rely on an ability of starch to serve as a temporary
host for hydrophobic compounds in aqueous solution. It has been
proposed that hydrophobic copolymers added with size press starch tend
to migrate to the air interface during drying of the starch film, thus allowing
the low-energy functional groups, such as styrene or alkyl chains, to face
outwards. Further research is needed to address various mechanistic
guestions. There may be opportunities to further raise the performance of
this type of technology as practiced within paper production factories.
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INTRODUCTION

Paper products that are intended for printing, packaging, and the serving of food
and drinks need to be able to resist wetting or penetration by water and related fluids. As
one example, optimum hydrophobicity is needed to avoid the "feathering™ of printed
characters in the ink-jet process. The use of just starch or its derivatives at the size press
is often not enough in critical situations to achieve sufficient resistance against liquids.
One way to achieve such resistance is by adding a hydrophobic copolymer together with
the starch solution being used at the size press. Though the adding of hydrophobic agents
during the surface-sizing of paper has been widely practiced for over 40 years (Cushing
1979; Batten 1992), many aspects of the technology are still not well understood. The
starch and hydrophobic agents need to be balanced, and the formulation should completely
cover the surface of the paper as a film structure. Otherwise, the hydrophobic agents may
tend to hurt the formulation's ability to form a continuous film and to contribute to fluid
resistance. The purpose of this review article is to consider the evidence of what factors
affect the performance of hydrophobic surface sizing agents and the mechanisms by which
they work.

Motivations for Achieving Hydrophobicity at the Size Press
Strength is the main goal, but there can be others

Why use the size press to make paper resist water? Highly cost-effective and time-
testing procedures already exist to make paper resist aqueous fluids by treatment of the
fiber suspension before paper is made (Davison 1975; Hubbe 2007). Under acidic
papermaking conditions, the paper can be treated at the wet-end with low-cost and
environmentally friendly additives based on rosin, which is a byproduct of the pulping of
softwoods (Ehrhardt and Leckey 2020). Under neutral to alkaline pH conditions, one can
employ reactive sizing agents such as alkylketene dimer (AKD) and alkenylsuccinic
anhydride (ASA) (Dumas 1981). Based on the required dosages, less that a single
monolayer of such reactive sizing agents is enough to render the treated paper thoroughly
hydrophobic. By contrast, when hydrophobic substances are admixed with starch to be
added at a size press, higher amounts are needed to achieve the same levels of resistance
to aqueous fluids in comparison to hydrophobic agents added to the fiber slurry.

Development of fluid resistance

Sometimes the reason for doing something is “because it’s there” (Mallory 1923).
Size presses are present in thousands of paper machine systems around the world, and their
main reason for existence is to impart increased surface strength, stiffness, and resistance
to dusting to paper and paperboard (Lipponen et al. 2005). It takes very little additional
investment to be able to add something else along with the starch to fine-tune the
wettability properties of the resulting paper. It is well known that the addition of
hydrophobic compounds can increase the contact angle of aqueous liquids on paper, and
thereby that one can develop resistance to penetration (Cobb and Lowe 1934). A particular
attraction of achieving such effects by adding hydrophobic copolymers at a size press is
that no chemical reaction is required. Thus, unlike some of the sizing agents used to treat
the fiber suspension before paper is made (Dumas 1981), most hydrophobic agents used
by papermakers at the size press do not require any curing. Effective hydrophaobicity is
developed without strong dependency on the temperature of drying (Latta 1994). As will
be discussed, the chemical nature of the surface-applied hydrophobic copolymer additive
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does not change in the course of drying, and therefore the resulting hydrophobicity tends
to be stable over time (Hubbe 2007). Surface treatment, as a strategy to impart properties
to the surface of paper, also tends to become increasingly attractive with increasing basis
weight of the paper product (Exner 2002).

Secondary effects

Some of the greatest incentives to employ hydrophobic additives together with size-
press starch are related to problems caused by over-use or inappropriate use of wet-end
hydrophobic treatments. For example, wet-end sizing with high levels of AKD tends to
make the paper slippery (Hoyland and Neill 2001; Karademir and Hoyland 2003). The
slipping tendency, when it becomes a problem, can be addressed by backing off on the
AKD treatment level and replacing some of the size-press starch with a styrene-maleic
anhydride (SMA) copolymer or a styrene acrylate (SA) copolymer (Batten 1992, 1995).
The same strategy can be used to improve the adhesion of toner to paper (Proverb 1999;
Chen et al. 2015). Certain hydrophobic copolymers, when added with starch, tend to make
the paper less permeable to air, which can be desirable for some grades of paper (Batten
1995). In addition, there are reports that hydrophobic copolymers added at the size press
with starch can improve the printing characteristics of paper (Gigac et al. 2014; Chen et al.
2015), or they can decrease the contamination of printing presses with dust from the paper
(Batten 1995). The increasing filler content of printing papers, with the passage of years,
places higher challenges with respect to achieving both hydrophobicity and surface
strength of the resulting paper (Nguyen et al. 1998). Ideally the sizing should improve the
print quality by controlling the absorption of printing ink while minimizing the cost of the
material and achieving higher print image density (Wang et al. 2013). Often there is an
economic advantage of using internal sizing and hydrophobic surface sizing additives in a
synergistic manner (Barker et al. 1994; Latta 1994; Exner 2002).

While all of these effects mentioned above can be important to papermakers, the
key questions to be addressed in this article are related to the development of
hydrophobicity as a result of adding the copolymers and related materials with starch at a
size press. As a means of focusing the discussion, the following hypotheses are proposed.

Hypotheses

Synergism between hydrophobic copolymers and starch, related to the differing
character of different sides of the amylose macromolecule, makes it possible to distribute
the hydrophobic substance during preparation of the mixture to be used at a size press.

A degree of self-association of the hydrophobic copolymers also plays a role in the
distribution of the mixture of starch and hydrophobic copolymer.

Phase separation during the drying of a mixture of starch and hydrophobic copolymer
plays a role in the development of a hydrophobicity at the paper surface.

Note that each of these three hypotheses is concerned with association. Is there
suitable association between the hydrophobic additive and the starch to enable effective
mixing and distribution? Is there association among the hydrophobic compounds
themselves, which can affect the outcomes? And, in the end, is some kind of phase
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separation actually required as part of the mechanism by which hydrophobic properties of
the paper are achieved?

Before considering evidence to support each of these three hypothesis, some
background explanations are needed. The following section reviews some of what has
been reported about starch, about size press equipment, about hydrophobic compounds,
and some of the main effects that have been achieved by the use of such compounds at the
size press.

TECHNICAL BACKGROUND

Overview

Starch is by far the most widely used additive for treatment of the surface of paper
at the size press of a paper machine. This widespread usage of starch no-doubt can be
attributed to its moderate cost relative to its contribution to bonding and stiffness of the
paper sheet (Anderson 1997). It has been estimated that surface-applied starch constitutes
about 0.5% of the mass of a typical sheet of printing paper (Anttila et al. 2012). Generally,
the starch to be applied at the paper surface is prepared as a solution having a solids content
in the range of 5 to 18% (Anttila et al. 2012). This starch solution, still hot from its
preparation, is applied to a hot sheet of paper, which has just completed its passage through
a series of steam-heated rolls. As will be discussed, advances in the design of size press
equipment have allowed increasing solids levels of starch, and there have been advances
in production efficiency. Batten (1992) gives the range of about 0.1% to 0.2% as typical
addition levels for the hydrophobic copolymer SMA, relative to the mass of the paper
product, when it is added at a size press. It is worth emphasizing that only limited
information about usage rates have been reported, and one can expect a wide diversity of
practices at different manufacturing sites and for different grades of paper.

In classical surface sizing with typical starch products, the subsequent penetration
of liquids into to the body of the paper is inhibited to some extent by a filling in of some
of the porosity of the paper. The addition of hydrophobic copolymers might delay the
penetration of starch solution into paper, which could contribute to forming a more
contiguous starch film on the surface. Even though the film is far from being contiguous,
it can slow the progress of a wetting liquid into the porous interior of the sheet. Since
hydrophobic agents are known to resist the spread of water, their addition to the hydrophilic
starch mixture has potential to further slow the initial penetration of a fluid into the body
of a sheet. The degree of internal sizing, as an expression of the degree of cellulose fiber
resistance to wetting and water absorption, has a role in determining the amount of a size-
press formulation that is picked up. Other important factors affecting the final
hydrophobization of the paper are the concentration of starch, the ratio between starch and
hydrophobic additives, intrinsic features of the paper, ionic strength of additives, colloidal
stability and viscosity of the size press formulation, application method, and the drying
temperature (Iselau et al. 2017, 2018).

Starch Products for the Size Press
Starch source

Starch sources and product types suitable for papermaking have been reviewed
elsewhere (Hoffreiter 1980; Maurer and Kearney 1998; Maurer 2009), so only summary
information is needed here. Starch is a natural polymer that has alpha-D glucose units. The
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main source of commercial starches are corn (yellow dent and waxy maize), potato, and
wheat. Inthe USA, the dominant product used for papermaking is yellow dent corn starch,
which is also widely used as a food ingredient and for the manufacture of fructose. Potato
starch is also widely used by US papermakers and is popular with European papermakers.
Potato starch has a significantly lower gelatinization temperature and has been reported to
give better water resistance compared to corn starch (Hiemstra and Vanderme 1969;
Buttrick et al. 1990). In south Asia, tapioca starch is widely used.

Macromolecular forms

Two main macromolecular forms of starch exist side-by-side in typical plants.
Most starch is composed of two main fractions, amylopectin and amylose. The majority of
the starch present in such vegetable products as corn, potato, wheat, and tapioca, is a highly
branched structure known as amylopectin. In the case of certain hybrid corn, known as
waxy maize, almost 100% of the starch is of this type (Sarka and Dvoracek 2017).
However, in most common plant materials, about 20 to 30% of the starch is amylose, which
has a linear chain structure (Tester et al. 2004). Amylose contains mostly 1-4 alpha
glycosidic linkages, and amylopectin contains 1-4 alpha-glycosidic linkages along with 1-
6 alpha-glycosidic linkages at the branch points. The ratio of amylose to amylopectin and
polymerization degree as well as average particle size, density, starch granule shapes vary
according to source of starches.

Starch granules are insoluble in cold water because of organized, hydrogen-bonded
structures. When a water suspension of starch is heated, it does not change a lot until
reaching a critical temperature that is known as the pasting or gelatinization temperature.
At the paper mill, usually the first step in preparing starch for addition to paper involves
the heating of a well-mixed aqueous dispersion of starch grains. This can be done either
at atmospheric pressure (batch cooking) or in a continuous, pressurized system (jet
cooking) (Rankin et al. 1976).

Starch pasting

Whichever type of cooking system that is selected, the starch granules need to
undergo a process known as pasting or gelatinization (Ratnayake and Jackson 2009).
During this process the grains swell, loose their solidity, and eventually release their
contents into the bulk phase (Ai and Jane 2015). The granules lose their distinctive optical
characteristics as they begin to swell. During these transitions, the viscosity of the mixture
can rise, first partly due to the swelling of the grains, and later due to the polymeric starch,
which may be present either as dissolved macromolecules or as gelatinous material. The
pasting temperature range and the paste properties of starch depend on the starch type and
its complex colloidal nature. Typical values for the pasting temperature of different starch
types are 60 to 64 °C (potato), 64 to 75 °C (dent corn and waxy maize), 64 to 74 °C
(tapioca), and 57 to 66 °C (wheat) (Ai and Jane 2015).

Starch crystalline structure

The tendency of starch to contain and to form various types of crystals can have a
major influence on its behavior. Papermakers are often acutely aware of the tendency of
the amylose portion of starch to undergo retrogradation (Miles et al. 1985; Fredriksson et
al. 1998; Fechner et al. 2005; Liu et al. 2007; Wang et al. 2015b). Retrogradation of starch
to be used in surface sizing manifests itself as precipitation from solution and a decrease in
the bond-forming ability of the starch. In particular, solutions of freshly cooked mixtures

Bildik Dal & Hubbe (2021). “Surface hydrophobes,” BioResources 16(1), 2138-2180. 2142



REVIEW ARTICLE bioreSOUI'CGS.Com

of starch that contain amylose are especially susceptible to retrogradation if they are held
for many minutes within a temperature range of about 67 to 89 °C (Andersson et al. 2008).
It is well known that amylopectin, due to its highly branched nature, is resistant to
retrogradation (Hsieh et al. 2019). In other words, even though amylopectin can exhibit a
high degree of crystallinity while in the grain (Schirmer et al. 2013), it does not tend to
precipitate once it has been put into solution.

Among several types of crystals that can be formed by the amylose component of
starch, one of the most important, from the standpoint of hydrophobic treatment of paper,
is the V-type. This is composed of a single helix of starch, the central axis of which is
often occupied by a natural lipid molecule, i.e. a hydrophobic compound (Mikus et al.
1946; Immel and Lichtenthaler 2000; Conde-Petit et al. 2006; Putseys et al. 2010; Obiro
et al. 2012; Meng et al. 2014). Figure 1, which is redrawn based on results reported by
Immel and Lichtenthaler (2000), represents one “wrap” of the helix of amylose when in a
Vh-type helical conformation. Note that a predominance of non-polar —CH groups and a
lack of polar —OH groups facing inward can account for the hydrophobic character within
the core of the helix.

1.35nm

A

Hydrophilic
exterior of
«— amylose
V-type helix

Hydrophobic

:z %ngoroup interior of
@ Other oxygen amylose _
« Other hydrogen V-type helix

Fig. 1. End view of amylose Vu-type helix. Figure drawn based on positions of atoms presented
by Immel and Lichtenthaler (2000)

When starch is cooked, then cooled, it has been reported that some of the amylose
may form itself into A-type complexes; these consist of tightly wound double helices
having a hydrophilic character (Conde-Petit et al. 2006). Such complexes have no ability
to accommodate lipophilic molecules. Since the A-type complexes are persistent in
solution, the development of A-type complexes generally renders the starch less
compatible with hydrophobic materials. Self-association among A-type complexes has
been reported (Conde-Petit et al. 2006), which is consistent with the known tendency of
amylose to precipitate from solution (Liu et al. 2007).

Starch conversion

Due to the high shear rates associated with high-speed application of starch
solutions to the paper surface, during production of the paper, essentially all starch that is
to be used at the size press already has been decreased in molecular mass. The term
“conversion” is widely used to denote such processes. In years past this was most often
accomplished by treatment with amylase, i.e. “enzyme conversion” (Hughes and Craig
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1950; Cave and Adams 1968). Reduction in the degree of polymerization (DP) of starch
also can be achieved by oxidation, using ammonium persulfate, perborates, or hydrogen
peroxide (Hiemstra 1972; Brogly 1978). Though such treatments to reduce the molecular
mass can make it possible to apply solutions of starch using high-speed processes, there
also can be a penalty if the mass decrease is excessive. For example, vanSoest et al. (1996)
showed that thermoplastic starch specimens prepared with higher molecular mass had
higher strain and tearing energy compared to starch with a low DP.

Starch derivatives at the size press

Starch can be chemically modified in various ways to adjust its properties,
including its solubility in water and the characteristics of its resulting films. Chemical
conversion of starch tends to reduce the molecular mass, which lowers the solution
viscosity.  Another benefit is that chemically derivatized starch is less prone to
retrogradation, which entails the precipitation of insoluble crystals (BeMiller 2009). Starch
can be used for many reasons, e.g. as a hydrophobic agent in surface size, as a binder for
coatings, or as a bonding agent in the papermaking process (Maurer 2009). For the
development of the barrier properties, film formation must be excellent, which increases
the need for plasticizers, such as glycerol (Lourdin et al. 1997; Jansson and Jarnstrom
2005), PVOH (poly-vinyl alcohol), or ethylene-modified PVOH. However, modified
starches with a quaternary dodecylammonium chloride is an alternative to traditional
plasticizers, especially for use in food packaging films to provide oxygen barrier and oil
resistance of food contact paper packaging. The film-forming properties of the
hydrophobically modified starch improves barrier properties of paper and paperboard
(Andersson et al. 2008). A widely used option is to prepare oxidized starch (Lee et al.
2002; Mesi¢ et al. 2004; Cui and Jing 2012; Iselau et al. 2018). Starch oxidation can be
viewed as a side effect of certain starch conversion treatments, as described in the previous
paragraph. The main concern is the colloidal stability of the formulation in the presence of
electrolytes. The addition of salt has been found to adversely affect the hydrophobic sizing
performance of positively charged hydrophobic emulsions added to size-press starch,
whereas the addition of salt promoted the sizing effect of negatively charged hydrophobic
emulsions added to starch (Iselau et al. 2018). In particular, Na2SO4 was found to be more
detrimental than NaCl and CaCl: (Iselau et al. 2017). The situation is explained by the
valence of the anion, and it was inferred that hydrophobization can be controlled by the
aggregation of polymer particles. Oxidized starch has the advantage of being highly soluble
in water, but its hydrophilic character can make it more challenging to achieve water
resistance in the resulting paper. Hydroxyethylated starch is a popular choice for size-press
application due to its high resistance to retrogradation and its superior film-forming
properties (Oja et al. 1991; Wulff et al. 1998; Shirazi et al. 2008). Cationic starches, which
are very popular for wet-end addition to the fiber suspension, are also being used to an
increasing extent at the size press (Anttila et al. 2012). Some positive features reported for
cationic size-press starch include better holdout at the paper surface (Lee et al. 2002;
Shirazi et al. 2008) and better retention in the paper if and when the material is recirculated
back to the papermaking process (Hamerstrand et al. 1979; Roberts et al. 1987).

Size-press Application Systems

Advances in the available equipment for surface application also have contributed
to the implementation of effective hydrophobic treatments. The traditional and still widely
used way to apply a starch solution to the paper’s surface is called a pond-type size press
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(Klass 1990). In this format, the starch solution is poured into the in-going nip between a
size-press roll and the paper web. Any excess starch that does not enter the nip between
the paper and the roll eventually flows to the front or back side of the size press, where it
is collected and returned to the distribution system. An inherent problem with the pond-
type size press is that the hot solution of starch contacts the sheet for a relatively long time,
e.g. about 1 to 5 milliseconds. This amount of exposure increases the penetration of the
solution into the sheet. Not only does the partial wetting of the paper make web-breaks
more likely, but the potential benefits in terms of surface strength and paper stiffness are
diminished by too much penetration.

The time of contact between the starch solution and the paper, before the paper
enters the size press nip, is greatly reduced when running various designs of size-press that
generally fall under the category of “film press”. In one such system, the blade-metering
size press, a blade is used to meter a film of starch solution onto a rubber-covered roll, and
the paper does not encounter the fluid until it enters the nip (Rennes 1998). Such systems
not only decrease the frequency of web breaks at the size press, but they also permit higher
concentrations of starch solution to be used. Benefits include better hold-up of the starch
near to the surface of the paper, which provides higher stiffness and surface strength. As
in the case of I-beam construction, a material can be made stiffer if there is a way to increase
the Young’s modulus of the outer layers (Lee et al. 2002; Lipponen et al. 2004). Another
option is to apply infrared drying to immobilize the starch rapidly just after it has been
applied (Rennes 1998). These issues have great relevance for surface-applied hydrophobic
agents, since they may influence the location and the film-like nature of the starch after its
application at a size press.

Hydrophobic Agents for the Size Press
Amounts used

Hydrophobic agents, when they are added at the size press, usually can be
envisioned as substituting for some of the starch solids. The most widely used treatments
are copolymers, within which the hydrophobicity is contributed by either styrene or
appended alkyl chains. To achieve sufficient solubility to be applied by means of an
aqueous distribution system, the copolymers also typically include maleic or acrylic acid
monomeric units. The level of addition is often in the range of 1% to 10% of the starch
amount, based on dry mass (Batten 1992).

Styrene maleic anhydride and its ester form

The best-known hydrophobic compounds for surface application to paper are of the
styrene maleic anhydride (SMA) type (Cushing 1979; Batten 1992, 1995; Latta 1994;
Wang et al. 1997; Gigac et al. 2014). The general chemical structure is illustrated in Fig.
2. As shown, a key option provided to users is the type of counter-ion employed in the
formulation. Solubility in water is achieved by usage of highly soluble monomeric ions,
especially sodium or ammonium.

As shown by part B of Fig. 2, the balance between hydrophilic and hydrophobic
character can be adjusted by partial esterification of some of the carboxylic acid groups of
SMA with an alkyl chain (Shibihara and Tominaga 1975; Gigac et al. 2014). Such
esterification increases the hydrophobic character of the copolymer. In addition, SMA
products are available in different molecular mass ranges. According to Batten (1992), a
minimum mass of about 30,000 Daltons is needed in order to achieve effective
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hydrophobization. A follow-up article (Batten 1995) specified a molecular mass of at least
50,000 to achieve the best results.
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Fig. 2. Basic structure of styrene maleic anhydride (SMA) copolymers for use at the size press: A.
Ordinary SMA,; B. Esterified SMA

Styrene acrylate

Another widely sold class of hydrophobic copolymers intended for utilization at the
size press is styrene acrylate (SA) (Batten 1992; dePierne et al. 1992; Barker et al. 1994;
Sodeyama et al. 2014; Chen et al. 2015). The rudimentary structure of the SA class of
hydrophobic polymers for surface sizing is shown in Fig. 3.

Na*

Fig. 3. Basic structure of styrene acrylate copolymers for use at the size press

The main difference, compared to the SMA products, is that there is only a single
carboxylic acid in each of the hydrophilic groups, rather than a pair. In principle, a range
of products having different levels of hydrophobicity can be prepared by adjusting the ratio
of the two co-monomers. In addition, as in the case of SMA, the SA products can be
rendered more hydrophobic by partial alkyl-esterification of carboxyl groups on the chain
(Carceller and Juppo 2004; Radovanovi¢ et al. 2007; Cui and Jing 2012; Stankovska et al.
2014; Ozdemir et al. 2017a,b). Barker et al. (1994) demonstrated the effectiveness of SA
products to increase the water resistance of alkaline paper sheets, wherein oxidized starch
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was the principle size-press additive. According to Proverb (1999), whereas SMA products
work best in combination with base paper that contains aluminum sulfate, the SA products
have been optimized to work well in paper prepared under alkaline papermaking
conditions.

Urethane copolymers

A third class of widely-used hydrophobic copolymers for the size press is based on
polyurethane (PU) chemistry (Pask 1982; Batten 1992). Figure 4 shows the basic chemical
composition reported for this type of product. According to Batten (1992), the PU products
have been found to outperform the SMA and SA products with respect to achieving
increases in hydrophobicity. More recently there have been developments in which PU
chemistry is being combined with various other monomers (Guo et al. 2012, 2013, 2014;
Zhu et al. 2016; Fei et al. 2017). A cationic water-based polyurethane dispersion has been
shown to significantly improve the paper's resistance to water as well as surface properties
and printability compared to base papers (Xu and Hu 2009). Notably, a cationic PU
product can be prepared without the usage of organic solvent (Shen et al. 2010).

Q
CH, CH, HNCO—
H H | H T
N-C-O-C—C—C-O-C-N
H AR [ RTTH
—C-0-CNH c—o-  CH
H § I
(0} B*

Fig. 4. Part of the linear chain structure of urethane copolymers for use at the size press.
Structure redrawn based on Batten (1992)

Hydrophobic starch esters

In view of the fact that starch is the major component in most size-press operations,
it makes logical sense to consider the use of hydrophobically modified types of starch. Due
to the abundance of —OH groups, esterification or etherification can be used to increase
starch’s hydrophobic character. Several such products have shown effectiveness as size-
press additives to increase the water resistance properties of paper (Aloi et al. 2001; Mesi¢
et al. 2004; Thirathumthavorn and Charoenrein 2006; Andersson et al. 2008; Jonhed et al.
2008; Zhou et al. 2009; Horchani et al. 2010; Anttila et al. 2012). Of these reports, one of
the most striking observations was the much greater hydrophobic effect of long-chain alky!l
chains (octenylsuccinate) compared to shorter chains (Anttila et al. 2012). Also, adding
glycerol to the warm hydrophobically modified (HM) potato starch solution decreased the
glass transition temperature, the storage modulus, and the water vapor permeability (WVP)
of the HM starch films (Jonhed et al. 2008).

Other copolymers

Because the hydrophobic copolymers used in surface sizing generally are not
reactive, it makes logical sense that a wide range of chemistries have the potential to be
effective — possibly as a result of optimization of hydrophilic and hydrophobic components.
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Table 1 lists combinations that have been reported in articles and patents. In addition to
revealing a high level of diversity, another trend that starts to emerge more clearly in Table
1 is the fact that many of the copolymers have a positive charge (cationic). A positive
charge provides a mechanism by which the copolymer can be effectively associated with
such anionic substances as oxidized starch. Dimethyl tallow epoxypropyl ammonium
halogens and quaternary ditallow methyl epoxypropyl ammonium halogens can be used as
hydrophobic surface sizing chemicals; these additives were shown to form a hydrophobic
layer on the paper surface and to result in increased toner adhesion value (Koskela et al.
2006).

Table 1. Other Copolymers Reported to Render Paper Hydrophobic When
Added to Surface-applied Starch

Copolymer combination Citation

Cationic copolymer based on acrylic monomers Hans et al. 1965
Copolymer of acrylic ester and acrylic acid, etc. Tominaga & S. 1978
Maleic anhydride with dicyclopentadiene, half-amides of ammonia | Peterlein et al. 1980
Copolymers with maleic acid, diisobutylene, vinyl, urea Sackmann et al. 1984
Alpha-olefins / maleic anhydride / polyamine (cationic) Schurmann et al. 1989
Cationic acrylate / methacrylic acid ester of C10 to C22 alcohol Bung et al. 1992
Hydrophobically modified polyacrylamide Takaki et al. 1997
Cationic dispersion copolymer / C8 to C30 olefins Dahmen et al. 1999
Polymer latex (styrene, acrylate, and unsaturated carboxylic acid) | Varnell 2000

Maleic anhydride / styrene / vinyl alkyl ether / fatty amine Inaoka et al. 2009
Tertiary amino compound, alkyl methacrylate, and styrene Inaoka et al. 2011
Collagen with methyl acrylate and vinyl acetate Wang et al. 2013
Hemicellulose / acrylamide / methacryloyloxy ethyl trimethyl (cat.) | Dong et al. 2014
Cationic starch, methacrylic acid ester, and styrene Sodeyama et al. 2016
Styrene / butyl acrylate Ozdemir et al. 2017a
Cationic styrene / ethylhexyl acrylate Ozdemir et al. 2017b
Poly(vinyl alcohol) / (itaconic acid) / (acrylamide) amphoteric Ni and Jing 2019
Collagen reacted with diglycidyl ether, butyl acrylate, and styrene | Wang et al. 2018, 2019

Lignin

Though the lignin removed from wood during pulping is most often used as a fuel
source by the pulp and paper industry (Chakar and Ragauskas 2004; Gellerstedt 2015), its
properties have a lot in common with many of the copolymers described above. Like SMA,
SA, and PU, lignin contains aromatic rings. Among the three main components of wood
(which also contains cellulose and hemicellulose), lignin has the greatest hydrophobic
character. But like the other copolymers considered, it also contains various hydrophilic
groups, depending on the source of the lignin and the details of processing. Dong et al.
(2015) reported the successful hydrophobic sizing of paper by treating the effluent of
alkaline peroxide mechanical pulping (APMP) with aluminum sulfate (alum), where the
combination is mixed with size-press starch. The hydrophobizing effect was attributed to
the lignin, fatty acids, and other extractives of wood. The effects of alum in promoting
hydrophobization of paper have been well known for many years (Strazdins 1989), but
sizing with alum and rosin products (obtained from wood extractives) has mainly been
practiced at the wet end of the paper machine. Han and Cho (2016) showed related results
by adding black liquor (from kraft pulping) together with alum to size-press starch. More
recently, Kopacic et al. (2018) studied a series of technical lignins and showed that kraft
lignin held considerable promise as a hydrophobic agent for surface sizing. Besides, the
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results showed that the lignin-sized specimens had improved strength properties, which
were at least 10% higher compared to unsized paperboard, in addition to improvements
related to air permeability, hydrophobicity, and water absorptiveness (Kopacic et al. 2018).
Recently it has been shown that crude wood rosin and derivatives have potential as
hydrophobic surface additives with cationic starch in size press application (Bildik Dal et
al. 2020).

Dispersions

Certain of the articles and patents describing hydrophobic copolymers intended for
use at the size press have described the particulate-like nature of the materials. These
publications and patents are listed in Table 2. For instance, Carceller and Juppo (2004)
observed 30 nm particles based on field-emission scanning electron microscopy under
freezing conditions, when studying a styrene-acrylate ester derivative mixed with a starch
solution. In addition to electron microscopy, some other researchers have based their size
analysis on rates of Brownian diffusion, using light scattering methods to evaluate
hydrophobic substances that have been added with size press starch (Yang and Deng 2000;
Guo et al. 2012, 2014; Xu and Hu 2012; Wang et al. 2013; Wang et al. 2015a; Fei et al.
2017). The development of such methods may give the impression that the addition of
hydrophobic nanoparticles or microscopic particles at the size press may be something
new. It is worth bearing in mind, however, that the addition of emulsified wax at the size
press has been known for many years (Davison 1975). By contrast, it appears that an
emerging focus is on products that can be best described as latex, including cationic latex
dispersions.

Table 2. Particulate Nature of Certain Copolymers Reported to Render Paper
Hydrophobic When Added to Surface-applied Starch

Copolymer combination Particle size | Citation

(hm)
Cationic copolymers (styrene / vinyl cationic) <100 Ono & Deng 1997
Cationic copolymers (styrene / vinyl cationic) 30to 41 Yang and Deng 2000
Styrene acrylate ester 30 Carceller & Juppo 2004
Polyurethane copolymer (styrene acrylate, DMPA) 2510190 | Guoetal. 2012
Cationic latex (styrene and acrylates) 70to 700 | Xu & Hu 2012
Polyurethane copolymer 90to 180 | Guoetal. 2013
Cationic latexes with styrene and acrylates 4210118 | Yanetal 2013
Polyurethane copolymer (IPDI/PCL/DMPA/EDA) 3510 85 Guo et al. 2014
Styrene acrylate 8810129 | Chen etal. 2015
Styrene / butylacrylate with various stabilizers 30 to 65 Iselau et al. 2015
Cationic silicone-acrylic latex 7410128 | Wang & Fang 2015
Polyurethane with acrylate 20t0 300 | Wang et al. 2015a
Polyurethane (PCL/DMPA/PTMG/IPDA) 25 to 65 Zhu et al. 2016
Polyurethane / polyacrylate 51to 75 Fei et al. 2017
Styrene / butylacrylate with cationic stabilizer 30to 70 + | Iselau et al. 2017
Styrene / butylacrylate 61 to 90 Ozdemir et al. 2017a
Collagen crosslinked with GDE or TDE 90t0o 130 | Wang et al. 2018

Notes: DMPA = dimethylol-propionic acid; IPDI = isophorone diisocyanate; PCL = poly-
caprolactone diol; EDA = ethylenediamine; PTMG = polytetramethylene glycol; IPDA =
isophorone diamine
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Monomeric hydrophobic agents

The hydrophobic agents so far discussed all can be classed as copolymers or
polymers. Given the fact that monomeric hydrophobic compounds are widely used as wet-
end additives (Prinz and Schultz 2006; Hubbe 2007), it is reasonable that they ought to be
considered as serious candidates for size-press addition as well. In fact, evidence suggests
that alkylketene dimer (AKD) that is added at the wet end often retains its chemical
reactivity until after the size press; at that point it is able to react with the size press starch,
thus contributing to the fluid-resistance of the paper (Brungardt 1997).

The reactive monomeric sizing agents, i.e. AKD and alkenylsuccinic anhydride
(ASA), are not often used at the size press, each for a different reason. The problem with
AKD is that surface application renders the paper too slippery for most applications
(Hoyland and Neill 2001). Additional challenges related to AKD sizing include long
curing times and development of a ketone byproduct that does not contribute efficiently to
hydrophobization. The main problem with ASA is that that relatively high temperatures
associated with size-press starch solutions would cause rapid hydrolytic breakdown,
yielding a tacky mixture (Wasser 1987). In all cases, a loss of hydrophobicity of paper is
expected after application of typical hydrophilic starch products at the size press (Batten
1992; Brungardt 1997). It is also worth noting that SMA and SA products, which tend to
increase the coefficient of friction of paper, can act as a counter-influence against the
slipperiness imparted by AKD when it is used at excessive levels. In addition, whereas
AKD sizing often exhibits reversion with time, the copolymer additives at the size press
are not subject to such issues.

Rosin sizing has been successfully demonstrated at the size press (Ullmann 1987).
As in the case of wet-end rosin sizing, the rosin was combined with aluminum sulfate,
which served as an anchor for the rosin after drying of the paper. As already noted, Dong
et al. (2014) showed that increased hydrophobicity could be achieved by size press addition
of wood extractives isolated from alkaline peroxide mechanical pulping effluent; it was
postulated that the effects were largely due to fatty acids and their interactions with alum.
Results are consistent with similar effects that have been achieved with alum and fatty
acids added to the papermaking furnish (Gaiduchenya 1973). A common feature of all of
these systems is that they involve the use of alum, an additive that otherwise is not often
considered for size press applications.

Plasticizers

In addition to hydrophobic copolymers, many size press formulations have been
prepared with additives that might be called plasticizers. The term implies that the additive
renders the resulting film more stretchable. Such substances have the potential not only to
affect the quality of a starch-based film, but they also may affect its hydrophobic nature
after drying. Glycerol, poly(vinyl alcohol) (PVOH), and rosin all of been shown to be
effective as plasticizers (Jonhed et al. 2008; Domene-L06pez et al. 2018). Andersson et al.
(2008) showed that a when PVOH and glycerol were separately added to solutions of
hydrophobically modified starch, the glycerol rendered the resulting films hydrophilic. By
contrast, the PVOH achieved a plasticizing effect without changing the hydrophobic nature
of the film.

Results When Using Hydrophobic Additives at the Size Press
Before considering the mechanisms by which hydrophobic size press additives
function, one important topic to cover is the effects of those additives on paper properties.
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The effects, as well as factors governing those effects, can be used later as evidence when
seeking to explain what is happening at a nanometer scale during the surface treatment and
during the drying of the surface-sized paper.

Water holdout and hydrophobicity

There probably would be little interest in hydrophobic size-press additives if they
had no effect on the wettability or water absorptivity of the treated paper. Accordingly,
Table 3 summarizes key findings related to either wettability (i.e. contact angles of water)
or penetration rates. As shown, hydrophobizing effects were demonstrated for many
different additives to size-press formulations, using three different kinds of assessment.

Table 3. Evidence of Hydrophobic Effects of Additives Used with Size-press
Starch

System

Hydrophobic Effect

Citation

SMA, different styrene ratios, molecular
mass

Higher HST seconds

Batten 1992

SMA, sodium form

Higher HST seconds

Latta 1994

Cationic microparticle based on styrene

Higher contact angles,

Ono & Deng 1997

SMA

Higher HST seconds,
Lower Cobb values

Wang et al. 1997

SMA esters

Higher contact angles,
Higher HST seconds

Garrett & Lee 1998

Styrene acrylate copolymers

Higher Contact angles

Proverb & B. 1999

Cationic polystyrene particles

Higher HST seconds

Yang & Deng 2000

Cationic & anionic styrene acrylates

Lower Cobb values

Bung 2004

Hydrophobic potato starch

Lower Cobb values

MesSic¢ et al. 2004

Hydrophobic potato starch with glycerol

Lower Cobb values

Jonhed et al. 2008

Polyurethane latexes

Lower Cobb values

Guo et al. 2012

Styrene acrylate

Lower Cobb values

Xu & Hu 2012

Polyurethane latexes

Lower Cobb values

Guo et al. 2013

Collagen, methyl acetate & vinyl acetate

Higher Contact angle

Wang et al. 2013

Polyurethane latexes

Lower Cobb values

Guo et al. 2014

Cationic silicone acrylic latex

Higher Contact angles
Lower Cobb values

Wang & Fang 2015

Polyurethane latexes

Lower Cobb values

Wang et al. 2015a

Polyurethane latexes

Lower Cobb values

Zhu et al. 2016

Polyurethane latexes

Higher Contact angles

Fei et al. 2017

Styrene / butylacrylate copolymers

Lower Cobb values

Iselau et al. 2017

Styrene / butylacrylate copolymers

Lower Cobb values

Ozdemir et al. 2017b

Styrene / butylacrylate copolymers

Lower Cobb values

Iselau et al. 2018

Technical lignin

Lower Cobb values

Kopacic et al. 2008

Collagen with butylacrylate and styrene

Higher Contract angles

Wang et al. 2018

Collagen with butylacrylate and styrene

Lower Cobb values

Wang et al. 2019

Notes: SMA means styrene maleic anhydride; HST means Hercules Size Test (TAPPI Method T
530), which is based on the time required for a green-colored solution of formic acid to penetrate
a sheet of paper enough to change its reflectivity on the opposite side by a specified amount.

The Cobb test (TAPPI Method T441) is based on weight gain. The listed contact angle tests
were carried out with pure water.

Porosity effects
It makes intuitive sense to expect that an aqueous fluid will penetrate more quickly
into a material that has an open, porous structure. If a hydrophobic copolymer renders a
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starch solution more effective in closing up the entrances to paper’s porous structure, then
one would expect that system to be more effective. Batten (1992) reported that both SMA
and SA products contribute to greater film integrity of the starch film. This is manifested
in increased values of Gurley Densometer, which is a commonly used measure of dry
paper’s resistance to air flow. The sodium form of SMA was reported to be particularly
effective for increasing the Gurley Densometer values (Batten 1995).

Strength contributions

Contributions to the strength of starch films have been reported for certain
hydrophobic additives to the size press. It is worth noting that many of the surface-applied
hydrophobic substances can be classed as latex products, and latex products are used as
bonding agents in paints and other applications. Guo et al. (2012) and Wang et al. (2015a)
reported higher strength attributes, including burst strength, when polyurethane-based latex
was added with size-press starch to paper. Wang et al. (2013) reported similar strength
gains when adding a collagen-based latex with starch to paper’s surface, and Yan et al.
(2013) reported similar strength gains when adding a cationic latex based on styrene and
acrylates with starch to paper’s surface.

Effects of base-sheet properties on surface-size hydrophobic treatments

Certain studies have shown evidence that the effectiveness of surface-applied
hydrophobic additives depends on base-sheet properties, especially the porous nature of
the base paper and the extent to which it had been hydrophobically treated at the time of
its formation. The base-sheet porosity can be reduced in principle by input of sufficient
mechanical energy during the refining of kraft fibers (Gharehkhani et al. 2015). Base-sheet
porosity also depends on the ratio of hardwood to softwood fibers, with the hardwood
generally yielding smaller pores (Forsstrom et al. 2003). Related results in the absence of
hydrophobic size-press additives have been reviewed by Aloi et al. (2001). In general, a
more closed sheet (less porous) can be expected to hold out a starch film nearer to the
paper’s surface, thus giving greater contributions to paper’s stiffness and reduction of air
permeability. The same factors have been shown to promote greater effectiveness of
surface-applied hydrophobic agents (Aloi et al. 2001). Batten (1992) reported that there
appeared to be a threshold of both Gurley Densometer values and internal sizing (base-
sheet hydrophobicity) before the surface-applied hydrophobic agents were able to be
effective. The hydrophobic character of the base paper depends, among other things, on
treatment with internal sizing agents (Hubbe 2007; Ehrhardt and Lecky 2020). Only when
the base sheet both had a certain porosity and internal sizing treatment did the surface-
applied SMA contribute significantly to the water-repellent nature of the product after the
size press (Batten 1992).

Attributes of surface-applied hydrophobes affecting their performance

It will be argued in the next section that the performance of surface-applied
hydrophobic agents must depend on rates of diffusion and rates of molecular orientation,
etc. The rates of such processes can be expected to depend on molecular mass (Vrentas and
Duda 1977). As already noted, Batten (1992, 1995) reported that a molecular mass of at
least 30,000 to 50,000 was needed to achieve the highest resistance to aqueous fluids.
Higher molecular mass did not affect the results. Wang et al. (2019) studied the effects of
different molecular mass versions of collagen-based latex products added with starch to
the paper surface; no significant effects attributable to molecular mass were apparent
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within the range of study. Garnier et al. (2000) observed surprisingly that lower molecular
mass of SMA in aqueous solution gave rise to larger molecular agglomerates.

The ratio of monomeric components has been shown to be very important in
specific cases. For example, a higher proportional content of the hydrophobic monomer
styrene has been shown to yield additives that confer greater hydrophobicity to paper when
added at the size press (Batten 1995; Guo et al. 2012; Yan et al. 2013).

Finally, the ionic form has been found to be critically important, when studying the
effects of SMA products. Because the charged groups of SMA are carboxylic acid, the
extent of protonation can be controlled by adjusting the pH. With sufficient lowering of
pH, the extent of ionic charge would not be enough to keep the molecule in agueous
solution (Ferry et al. 1951). Papermakers know anecdotally that the size press pH may
need to be kept above a critical level, to be determined by experience, to achieve efficient
runnability with SMA. The ammonium form of SMA has been found to outperform the
sodium form in terms of its hydrophobic effect when added with starch at the size press
(Batten 1995). By contrast, the sodium form of SMA was found to be more effective for
strength improvement (Batten 1995).

MECHANISTIC ISSUES

Overview
Delivery of mixtures to the paper surface

The achievement of hydrophobicity of paper, as a result of additives at the size
press, can be regarded as a process involving some critical steps. The first such step
involves the challenge of delivering a relatively uniform mixture to the paper surface, while
at the same time using compounds that have sufficient hydrophobic character to be able to
achieve the needed effects. The second step involves some kind of diffusion of the
hydrophobic substance to the surface of a starch film, as well as the possibility of its
orientation. Fortunately, in facing such a challenge, one can look towards biological
systems for guidance. Living organisms are constrained by having to manipulate
component molecules in aqueous media, while at the same time constructing a variety of
substances that are either highly crystalline (e.g. cellulose) or hydrophobic (e.g. many of
the wood extractives). Tolstoguzov (2003, 2004) postulated that the detailed structures of
polysaccharides played a key role in bringing out the phase separation that led to the first
biosynthesis of cellulose and multicellular life. The sections that follow, accordingly, will
consider ways in which the structure of starch, and also that of the surface-applied
hydrophobic copolymers, may likewise play roles that are important for their mixing and
delivery at the paper surface.

Another aspect to consider is the ability of water to solubilize various materials.
Blokzijl and Englberts (1993) discussed the hydrophobic effect, which can be defined as
the tendency for hydrophobic materials to self-associate in water. Such self-association can
lead to the formation of either micelles or interfacial monolayers. In each case, the effects
can be mainly explained by a tendency of water to maximize the number of hydrogen bonds
in the system. It was noted that water is able to accommodate a moderate amount of some
relatively small hydrophobic molecules with only a small penalty of hydrogen bonding.
But that capability has its limits, which is consistent with the common observation that
various hydrophobic substances tend to come out of aqueous solution once their
concentration reaches a threshold. Based on these principles, one can anticipate situations
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in which an aqueous phase may be able to serve as a solubilization medium for a small
amount of a hydrophobic substance, but phase separation can be expected when higher
amounts are added or if conditions such as temperature or pH are changed to reduce the
solubility.

Lucas-Washburn model

Many aspects of the permeation of liquids into paper have been effectively modeled
and explained based on concepts proposed by Lucas (1918) and Washburn (1921).
Applications of their equations to paper products have been considered elsewhere (Hubbe
et al. 2020), so only a brief description will be given here. The concept is based on a
balance between capillary forces drawing liquid into pores of the paper vs. viscous forces
that are resisting the flow of that liquid. In the absence of an applied pressure, the balance
of forces leads to the following expression of the extent of penetration (L) as a function of
time (t),

L = [(2r yLv cos 0t) /(41)]"?

where r is the effective pore radius (modeled as a cylinder), yv is the interfacial tension
(liquid to its vapor), @is the contact angle (drawn through the liquid phase), t is the elapsed
time, and x is the dynamic viscosity. Itis notable that the distance penetrated into the paper
is predicted to be proportional to the square-root of the characteristic pore size and also to
the square-root of time.

Development of Hydrophobic Effects
Wettability characteristics of starch

Based on its functional groups, starch can be regarded as a hydrophilic compound.
Each of the anhydroglucose repeating units in the starch molecular structure contains three
water-loving hydroxyl groups. One may ask, how can a substance having such a high
proportion of water-loving functional groups function effectively in the distribution of
hydrophobic agents during a papermaking operation? In this regard, it is important to
consider how a solution of starch will be able to participate in two key steps: First it needs
to be able to participate in the relatively uniform distribution of a hydrophobic compound
during the size press operation. Then it needs to allow the hydrophobic material to position
itself so as to confer hydrophobic character to the dried film of starch on the paper.

Because of the detailed orientation of hydroxyl groups in the macromolecule,
amylose is able to orient itself in a helical fashion such that it can present different affinity
characteristics toward the inside and the outside (Immel and Lichtenthaler 2000).
Tolstoguzov (1999, 2003) coined the term “molecular mimicry” to describe such
capability. This capability is consistent with starch’s ability to serve as a medium for the
distribution of highly hydrophobic nanoparticles (Chen et al. 2017) and to adsorb onto
hydrophobic mineral surfaces (Shrimali et al. 2018).

Some of the best examples showing starch’s ability to accommodate hydrophobic
solutes can be classed as inclusion complexes (Tolstoguzov 2003). Thus, by forming a V-
type helix, the amylose molecule is able to “pretend” that it is hydrophobic — at least on
one of its sides when in the needed conformation. A range of detailed VV-complex structures
have been identified, and these appear to be related in some cases to the size of the
hydrophobic compounds that are hosted (Conde-Petit et al. 2006). Table 4 lists some of
the articles describing inclusion complexes involving lipophilic materials within V-type
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amylose helices. As shown, the list of hydrophobic entities within starch inclusion
compounds is diverse and extensive, even including linear oligomers of iodine. Starch-
iodine complexes were discussed in a review dealing with analytical staining (Hubbe et al.
2019). Immel and Lichtenthaler (2000) provide evidence that the presence of lipophilic
materials when starch has been freshly cooked tends to favor the formation of VV-complexes
that are able to accommodate those materials. Otherwise, more of the starch is likely to
form other structures, such as double-helix A-complexes, which do not have any capability
of accommodating hydrophobic guest molecules.

Table 4. Examples of Inclusion Complexes Formed with Amylose and
Hydrophobic Compounds

Hydrophobic Entity Citation

Fatty acid, iodine Mikus et al. 1946
L-menthone, a flavor compound Kuge and Takeo 1968
Menthone, a flavor compound Rutschmann et al. 1989
Lipids (NMR study) Morrison et al. 1993
Less complexing ability with hydrophilic substitution of amylose Wulff et al. 1998
Hydrocarbons (FTIR analysis) Polaczek et al. 2000
Flavor compounds, e.g. decanal, menthone, geraniol Kasemwong & I. 2003
Flavor compounds, e.g. methanone, decanal, thymol Conde-Petit et al. 2006
Review article Putseys et al. 2010
Palmitic acid Meng et al. 2014
Surfactants, e.g. sorbitan monopalmitate Ortega-Toro et al. 2014
Several phenolic compounds, many of them quite large Zhu 2015

Another example that shows the dual nature of starch is provided by cyclodextrins
(Roy et al. 2015; Hubbe et al. 2021). A cyclodextrin consists of a ring of 5 to 7
anhydroglucose moieties held together by a-glycosidic bonds. These rings are able to
serve as hosts for hydrophobic entities such as oils.

Solubility parameters

Computational approaches to predicting the solubility of polymers in different
media are typically based on an averaging of group contributions, an approach that
generally ignores the possibility that just one side of the molecule may be involved with an
interaction of interest. Based on contributions from polar (including hydrogen bonding)
and nonpolar (van der Waals) interactions, it is possible to predict the solubility of various
compounds in a variety of pure liquids and their mixtures (David and Sincock 1992;
Hansen 2007). In general, with increasing molecular weight, polymers tend to become
increasingly fussy about what liquids they will dissolve in. Each parameter in the solubility
description needs to be a close match to the corresponding value in the solvent, or otherwise
a high molecular weight polymer will likely remain undissolved.

The dissolution of monomeric compounds tends to be strongly favored by an
increase in entropy of the system (Arzpeyma et al. 2013). In other words, the system
becomes more random when two different pure substances become intimately mixed.
However, when one is considering macromolecules, the contribution of entropic effects
can be strongly repressed (Flory 1942; Kuleznev et al. 1971). That is because each
monomeric unit within the chain of a polymer is constrained to remain in a position
adjacent to the next monomeric unit. As in the case of a chain-gang composed of prisoners,
the chain as a whole has relatively few degrees of freedom. Thus, as noted by Schweizer

Bildik Dal & Hubbe (2021). “Surface hydrophobes,” BioResources 16(1), 2138-2180. 2155



REVIEW ARTICLE bioreSOUI'CGS.Com

and Singh (1995), the interactions among polymers tend to become dominated by enthalpic
considerations. Only if the molecules are able to conform together, achieving a dense
structure with strong mutual interactions of various kinds, is solubility favored. Dudowicz
et al. (2013) considered the mutual solubility of polymer solutions and blends. Strong
temperature dependences were predicted based on thermodynamic calculations. A take-
away from the cited work is that quantitative prediction of mutual solubility of polymers,
including such pairs as starch and SMA, still lies beyond present computational
capabilities.

An experimental approach has been used in the case of starch blends with various
hydrophobic polymers. Godbole et al. (2003) reported excellent mixing of the highly
hydrophobic biopolymer poly(3-hyroxybutyrate) with starch. The presence of a single
phase was evidenced by there being only a single glass transmission temperature, as
detected by differential scanning calorimetry.

In principle, it is possible to adjust the composition of a copolymer so that it
achieves optimal miscibility with starch (Miao et al. 2016). Mutual solubility can be
favored by a favorable content of nonpolar, polar, and hydrogen bondable groups on each
entity, but one can expect major contributions from conformational and packing factors
that are not presently predictable. Nevertheless, Slonimskii (1958) predicts, based on
thermodynamics and the low entropic contribution to mixing, that binary mixtures of
polymers may appear to be in solution, but they are likely to be “microheterogenecous”.
Due to the very high viscosity of polymer mixtures, they may fail to separate into two
phases, even when that is favored by free energy considerations.

Phase separation

Once the size-press formulation is applied to paper, three things happen that have
potential to disturb the state of mixing or solubilization within the starch-rich mixture.
First, since the paper entering the size-press nip is hot, the temperature within the film will
rise. Second, some of the water, as well as some materials dissolved in the water, will be
drawn into the capillary structure of the paper. Depending on the effective size of the pores
and also the gel-like character of the size-press formulation, the starch and hydrophobic
copolymers may be partly drawn away from the paper surface and into the bulk of the
paper. And third, evaporation takes place, decreasing the moisture content of the film.

Polymer mixtures can separate themselves into phases. For example, Chaléat et al.
(2012) found that starch-poly(vinyl alcohol) blends were miscible but only to a limited
extent. Polymer bends, after being formed by agitation, were found to separate themselves
into two phases, each containing a mixture of a major component and a minor component.
Such behavior is similar to the complex coacervation often observed when a binary
colloidal suspension separates itself into two phases (Veis 2011).

Behavior of the hydrophobic copolymer

Having considered solubility issues from the perspective of starch, the next step is
to consider the solubility behavior of a hydrophobic copolymer such as SMA or SA, etc.
A key point to bear in mind is that these copolymers are polyelectrolytes, a fact that
explains their solubility in water and accounts for various effects related to viscosity
(Dannhauser et al. 1960). The cited authors found that SMA followed typical viscosity
relationships expected for polyelectrolytes. These effects were suppressed with decreasing
pH, which led to protonation of the carboxylic acid groups and eventually to phase
separation due to lack of solubility in water. One can expect wide variations in the pH
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conditions employed in different industry-scale size press operations. A near-neutral pH
(e.g. 6 < pH < 8) can be expected when typical starch products are cooked with plain water
(Latta 1994; Brungardt 1997). Various hydrophobic additives for the size press are
formulated with different pH values, often in the range 4 < pH < 8.5 (Moutinho et al. 2011).
Small amounts of such additives as sulfuric acid or sodium hydroxide can be used for pH
control, usually based on the recommended running pH for the hydrophobic copolymer
that is being used. In addition, the pH condition of the base-sheet can affect the pH of the
size-press solution, especially in cases where excess starch from a size press is circulated
back to the starch run tank (Tompkins et al. 1990; Klass 1990). The presence of calcium
carbonate in the base paper will tend to increase the pH of size-press starch (to a pH of
about 7 or 8), whereas aluminum sulfate in the base paper will tend to decrease the pH of
the size-press starch (possibly to a pH of about 5), if not otherwise controlled.

Ferry et al. (1951) proposed that SMA exists in aqueous solution, at least in part,
as pairs of macromolecules, with their styrene groups self-associating. This concept was
developed further by Garnier et al. (2000), who envisioned a zipper-like self-association
of pairs of SMA molecules, as illustrated in Fig. 5. The fact that such a structure allows
the water-loving carboxylate groups to face outward provides an explanation for its
solubility in water. The last-cited authors proposed that the pair-wise association persists
even after a starch-rich aqueous film has dried at the surface of paper.

Styrene

groups

i Na
- Acrylate Nat Nat O
groups .
Na* Na Nat Na* O=C

Fig. 5. Schematic diagram of proposed pair-wise self-association of SMA molecules in aqueous
mixtures. Figure inspired by Garnier et al. (2000), with some new element incorporated

Breakdown of starch-hydrophobe complexes

There is evidence that associations between starch and hydrophobic compounds
will break down when the systems are heated (Hahn and Hood 1987). The cited authors
observed that the ability of corn starch to bind lipids decreased as the temperature was
raised in a range from 20 to 60 °C. Such a trend suggests that the VV-complex structures
responsible for stabilizing of lipophilic compounds in the starch mixture were being
disrupted, causing the lipids to be released from the starch molecules. Kasemwong and
Itthisoponkul (2013) likewise predicted that complexes can be made to release their
contents by changes in moisture content or temperature.

According to Koningsveld (1994), polymer blends are susceptible to gradual
changes, which are driven by decreases in Gibbs free energy. In some cases the systems
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show persistent mutual solubility, even in cases where the blends are expected to be
immiscible based on differing solubility attributes. In other cases, the mixtures gradually
separate from a meta-stable mixture into two phases.

Migration of hydrophobic entities to interfaces

The increasing hydrophobicity of certain paper products with the passage of time
has been attributed to migration of hydrophobic molecules to the surface (Swanson and
Cordingly 1959). Such a trend is consistent with the thermodynamic advantage of having
a low free energy of the surface in contact with the air. Consistent with this principle,
Garnier et al. (2002) proposed the migration of SMA molecules to the surface of starch
films during the process of drying. They envisioned that the SMA might remain as the
self-associated pairs even after migration to the surface. Further evidence to support such
migration was presented by Kopacic et al. (2018), who studied the addition of technical
lignin by size-press addition. Surprisingly, greater hydrophobicity was achieved when the
lignin was added together with starch, which is more hydrophilic than lignin. The effect is
consistent with migration of lignin to the surface, as well as a role of the starch in anchoring
it there. Likewise, Mesi¢ et al. (2004) observed increasingly hydrophobic character of
films of hydrophobically modified potato starch with increasing temperature of
application. Presumably the higher temperatures would promote the diffusion process.
Yasuda et al. (1995) demonstrated essentially the same principle, but going in the opposite
direction, by first drying a perfluorinated ether compound in the presence of air. The dried
surface had very low energy and no oxygen could be detected by X-ray photoelectron
spectroscopy. By contrast, after equilibration with high-purity water, the surface was more
wettable, and oxygen atoms were found to have migrated to the surface of the film.

Molecular orientation

The next step is to achieve molecular orientation. According to Davison (1975),
the orientation of hydrophobic groups, such as those of rosin and alkylketene dimer, is
essential for achieving hydrophobic effects when the agent is added to the fiber slurry.
Likewise, it has been proposed that the hydrophobic effect of SMA and related molecules
at the paper surface is due to the orientation of styrene molecules facing outward from the
surface of the starch film (Hubbe 2007). This mechanism is consistent with a gradual decay
of hydrophobicity observed by Garrett and Lee (1998) when forming SMA films on glass
in the absence of presence of starch. The initial contact angles were relatively high,
especially when applied in the presence of starch. But the contact angles gradually
decreased with the passage of time in contact, indicating increased wettability. Such results
suggest that the orientation of molecules at the surface is able to change with time to be
more consistent with an adjacent phase, which may be an aqueous phase.

Starch appearing to serve as an anchor

In order for oriented molecules at a surface to produce a significant hydrophobizing
effect, they need to be anchored securely in place. This principle helps to explain why, for
instance, simple paraffin oils are not efficient for imparting water resistance to paper. The
previous subsection included two examples in which mixtures of starch and a hydrophobic
compound gave a greater hydrophobic effect than in the absence of starch (Garrett and Lee
1998; Kopacic et al. 2018). This raises the question of whether starch may be serving as
an anchoring medium for the hydrophobic polymers at the film surface. This question has
not been well answered in published articles. However, a clue is provided by the work of
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Chen et al. (2017). These investigators first prepared a wet film of starch, then spray-
coated the starch with an alcohol suspension of highly hydrophobic nanoparticles. When
the film had been dried, it exhibited superhydrophobicity, in addition to scratch-resistance
and permanence of the hydrophobic effect. Such behavior is consistent with effective
interactions between the starch and the highly hydrophobic surfaces.

In the case of a size-press hydrophobic agent such as SMA or SA, any orientation
that favors exposure of hydrophobic styrene groups facing the air phase can be expected to
result in a greater share of the hydrophilic carboxylic groups (from the maleic acid moiety
or the acrylic acid moiety) facing inwards, towards the starch. Such a viewpoint is depicted
in Fig. 6, which is based on the concept of styrene group self-association. Though certain
hydrophobic aspects of starch, in certain molecular conformations, have been emphasized
in this article, there is no doubt regarding starch’s predominantly hydrophilic nature. That
nature is shown, for instance by the fact that starch needs to be rendered more hydrophobic
to be use as an effective filler in various synthetic plastics (Rahmat et al. 2009).

Air phase

Styrene
groups

|
O~ Starch phase

Na* + + Nat O=C
Na Na |

Fig. 6. Concept of SMA or SA having migrated to the surface of a starch film, where it becomes
oriented with the oleophilic groups facing outwards in the process of drying

Anchoring by ionic interactions

Though it does not appear to be common practice, there is evidence that aluminum
sulfate (alum) can be used as a means to anchor hydrophobic copolymers for surface sizing,
thus increasing their effectiveness. For example, Batten (1992) and Proverb (1999)
reported that aluminum sulfate present in the base sheet interacted with the carboxylate
groups of SMA or SA, respectively, thereby helping to anchor such copolymers at the paper
surface. Takaki et al. (1997) reported similar beneficial effects of alum in the base sheet
when adding a long-chain alkyl derivative of acrylic acid at the size press. Dong et al.
(2015) achieved a similar sizing enhancement by adding alum directly with fatty acids salts
at the size press. A closely related sizing effect was achieved by adding a combination of
black liquor and alum at the size press (Han and Cho 2016). Weak black liquor contains
such wood resins as rosin and fatty acids (Back and Allen 2000). Wang et al. (1997)
showed that SMAs can be used as hydrophobic agents for wet-end addition in cases where
alum was also being added.

Related anchoring effects have been proposed when cationic hydrophobic
copolymers are used in combination with oxidized starch added to the paper surface. Such
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a mechanism was shown schematically by Bung (2004). Iselau et al. (2015) showed much
greater hydrophobic character when using cationically charged hydrophobic latex particles
with starch at the size press with oxidized starch, rather than amphoteric or negatively
charged latex of otherwise similar nature. As was noted earlier, a great many of the more
recently reported hydrophobic latex products intended for size-press hydrophobization of
paper have been prepared with cationic monomers included (Sackmann et al. 1986;
Schurmann et al. 1989; Bung et al. 1992; Ono and Deng 1997; Yang and Deng 2000;
Jonhed and Jarnstrom 2009; Inaoka et al. 2011; Cui and Jing 2012; Yan et al. 2013;
Sodeyama et al. 2014; Stankovska et al. 2014; Iselau 2015, 2017, 2018; Ozdemir et al.
2017b). Xu and Hu (2012) employed an opposite approach by using regular anionic latex
in the presence of a solution of cationic size press starch.

Chemical effects

Some of the most promising means of achieving anchoring of hydrophobic agents
at the surface of a starch film involve chemical effects. The best-known example involves
the usage of the ammonium salt of SMA. This agent has been found to impart greater
hydrophobicity in comparison to similar SMA that was formulated with the sodium
counter-ion (Batten 1995). The enhanced sizing effect has been explained as being due to
the flashing off of ammonia gas in the course of drying of the starch film (Batten 1992,
1995). Because ammonia is alkaline, its departure results in a lowering of the pH
associated with the film. An expected consequence is greater protonation of the SMA,
leading to greater hydrophobic character (Cushing 1979). Indeed, titrations by Ferry
(1951) show that the two adjacent carboxylic acid groups on SMA have strikingly different
levels of acidity, as reflected in their respective pKa values. Garnier et al. (2000) reported
remarkable increases in hydrophobicity when the pH of SMA mixtures was decreased in
the range from 12.5 to about 3.

Parallel effects were demonstrated in a system where the signs of charges were
reversed; thus, Fanta et al. (2017) showed effective surface sizing when long-chain amines
were applied to paper as a starch solution. Presumably the hydrophobic compounds were
being stabilized as inclusion complexes in VV-complexes of amylose. After application of
the starch solution, sodium hydroxide was applied to deprotonate the amine groups, thus
neutralizing their charges. As a result, the compounds, being neutral in charge, had a
greater hydrophobic character.

Effects of Starch and Hydrophobic Copolymers on Paper’s Porosity

The foregoing discussion has emphasized the role of both starch and hydrophobic
copolymers in the delivering of low surface energy groups to the surface of a film on the
treated paper. But another issue needs to be considered. As evident from the earlier
discussion of the Lucas-Washburn equation, the management of the porosity of the paper
is another important tool at the disposal of papermakers for resisting penetration by
aqueous fluids. It is reasonable to expect that the formulation of size-press solutions can
have a bearing on the sizes and frequency of pores that are still accessible at the paper
surface after the size press.

Before considering size-press variables, it is important to recall that base-sheet
properties — including the porosity — can have a major influence on the water-resistant
performance of the resulting paper (Batten 1992; Aloi et al. 2001). The main tool that
papermakers have used to adjust the porosity of paper made from kraft pulp, as a means of
optimizing size press operations, is mechanical refining. The concepts and equipment used
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in refining have been reviewed (Gharehkhani et al. 20015). The internal delamination of
fibers, which results from refining, allows the fibers to conform to each other more tightly,
forming a denser sheet of paper that is less porous. If yet more blockage of pores is needed,
especially if there is a simultaneous goal to minimized the densification of the paper, then
two types of additive can be considered. = Some additional strategies can be used, if yet
higher resistance to flow into the paper is needed, especially if there is a need to limit the
degree of densification of the paper. For instance, porosity can be reduced by using
delaminated or fine kaolin clay as a filler (Velho and Gomes 1995). More recently it has
been found that paper tends to be much less permeable to air if it has been prepared with
nanofibrillated cellulose (Salas et al. 2019).

Size press starch parameters

In principle, an additive to size-press starch might contribute greatly to blocking
passage of liquid into the sheet if it can improve the integrity of the starch film. For such
an effect to be achieved, the starch film would need to remain near the surface of the paper,
thus helping to seal the paper surface. In other words, the immobilization of a size-press
formulation after it is applied would need to be sufficiently rapid so that the material would
not just be drawn into the porosity of the paper.

Inaoka et al. (2011) claimed the concept of a surface sizing treatment that raised
the challenge still further. They proposed to use the size press to hydrophobically size
ordinary paper sheets that had not been internally sized. In other words, no rosin, ASA, or
AKD had been added at the wet end during formation of the base sheet. Likewise, Singh
et al. (2010) claimed a system in which low internal sizing treatment was combined with
high surface sizing treatment, including the use of a high viscosity solution. These claims
are contrary to the findings of Brungardt (1997), who concluded that the internal size AKD
can play a dominant role in the overall hydrophobic treatment of the paper, even being able
to react with starch added at the size press. The cited author observed that the effect of the
AKD was larger than that of the hydrophobic compound added at the size press in the cases
considered.

Aqueous pigment coatings applied to paper, when suitably formulated, are able to
immobilize sufficiently rapidly after their application of paper that it may not matter much
whether or not the base sheet has been internally sized (Triantafillopoulos 1996). Solids
contents of such coatings can be in the range of 60% to 70%, which is much higher than
typical size press formulations. Thus, part of the answer may lie in the further development
of size-press equipment to allow higher starch solids. Film-press equipment, including
blade-metering size presses, make it possible to apply starch films to paper at higher solids
and greater uniformity (Klass 1990; Rennes 1998). In addition, blade coater application of
size-press starch has been well established as a viable approach (Fineman and Hoc 1978;
Klass 1988). A further strategy to increase the immobilization tendency of starch films
might involve the incorporation of nanofibrillated cellulose into the size-press formulation
(Dimic-Misic et al. 2013; Hubbe et al. 2017). As noted in the cited authors, the
nanocellulose can greatly increase the thixotropic nature of the mixture. This is an area of
technology that has a lot of potential, but it still has considerable challenges ahead.
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CONSIDERATION OF THE HYPOTHESIS STATEMENTS

This section considers the three hypothesis statements that had been introduced in
the Introduction. Table 5 lists the three statements, together with a general assessment of
the validity of those statements based on the literature cited in this article. Key literature
citations, related to supporting the hypothesis statements, are listed as well. In general, all
three of the hypothesis were found to be supported by theoretical work. However, in each
case there appear to be opportunities for high-level academic research to further show to
what degree the proposed hypotheses are the best explanations for what happens in
industrial hydrophobic surface-sizing of paper. From a practical perspective, it is always
important to keep in mind that successful industrial implementation often does not need to
wait for all the theoretical questions to be addressed.

Table 5. Hypothesis Statements and their Assessments of their Validity Based
on the Reviewed Literature

Hypothesis Statements Assessments of Validity Citations

Synergism between hydrophobic
copolymers and starch, related to
the differing character of different
sides of amylose macromolecules,
makes it possible to distribute the

This hypothesis is supported by
the behavior of Vu-type starch
crystals, by the example of
cyclodextrins, by the effectiveness
of starch in aiding distribution of

Lichtenthaler 2000;
Roy et al. 2015;
Chen et al. 2017;
Shrimali et al. 2018

hydrophobic substance during
preparation of the mixture to be
used at a size press.

A degree of self-association of the
hydrophobic copolymers also
plays a role in the distribution of
the mixture of starch and
hydrophobic copolymer.

hydrophobic agents, and by the
ability of starch to adsorb onto
hydrophobic mineral surfaces.
Though this hypothesis appears
consistent with the literature, it is
hard to find direct support. More
research related to the mechanism
of solubilization of amphiphilic
agents would be helpful.

The principles of phase separation
upon heating of starch solutions
have been well established, but
there is a need for systematic
research that is more directly
related to paper hydrophobization.

Ferry et al. 1951,
Garnier et al. 2000;

Hahn and Hood
1987; Tolstoguzov
2003, 2004; Veis
2011; Chaléat et al.
2012

Phase separation during the drying
of a mixture of starch and
hydrophobic copolymer plays a
role in the development of a
hydrophobicity at the paper
surface.

IMPLICATIONS FOR FUTURE DEVELOPMENTS

In this final section of the article, four lines of potential future developments will
be considered, related to the application of hydrophobic copolymers at the size press of a
paper machine. The first of these is to consider what can be achieved by laboratory
research. Second, attention is paid to a certain kind of research — molecular dynamics
simulations —which seems well suited for answering some yet-unanswered questions about
how the hydrophobic agents behave at a nano-scale during evaporative drying of a starch
film. Third, there is a need for kinetic analysis and modeling, examining the competitive
rates that affect migration, orientation, and anchoring effects of hydrophobic polymers
within and on a starch film. Finally, there appear to be fertile grounds for further
development of the application technologies so that hydrophobic effects can be achieved
more reliably and efficiently in the manufacturing facility.
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Laboratory Research
Phase behavior

As was noted earlier, various evidence suggests that hydrophobic copolymers in an
aqueous mixture may self-associate (Ferry et al. 1951; Blokzijl and Englberts 1993;
Garnier et al. 2000). On the other hand, one might propose that the hydrophobic
compounds could be individually stabilized in V-complexes involving amylose molecules
(Immel and Lichtenthaler 2000; Conde-Petit et al. 2006). As a third alternative, one might
envision that the hydrophobic compounds are present as micelles, i.e. groups of multiple
molecules that are arranged with a predominantly hydrophobic core and a predominantly
hydrophilic exterior (Yang et al. 2015). The cited article raises the concept that
hydrophobically modified starch, for example, could arrange itself in solution in a micellar
form. Such possibilities can be investigated by experimentation. For example, light
scattering methods can be used to determine the size of any micelles in solution (Finsy
1994). Fluorescent dyes that are specific to hydrophobic substances (Baba et al. 2009;
Reisch and Klymchenko 2016) could be used to reveal the distribution of such groups in a
starch-based film. The resulting films could be inspected by confocal laser scanning
microscopy.

Rheology

The viscoelastic properties of formulated mixtures of dissolved starch and
hydrophobic copolymers can be expected to control the degree to which the material
remains near to the surface of the paper, especially in cases where the base paper is porous
and hydrophilic. Because the total solids of solutions used at the size press are generally
much lower (e.g. 5 to 20%) than those employed in the pigmented coating of paper (e.g.
50 to 70%), one can expect a much greater tendency for the material to penetrate into the
bulk of the paper sheet, which will reduce any contribution of hydrophobic agents. To
overcome this tendency, one strategy can be to employ mixtures exhibiting a gelation
tendency. In other words, associations among the starch and other polymers in the mixture
need to associate, forming a hydrogel structure (Song et al. 2009; Stanescu et al. 2011). In
principle this can be achieved in two ways. First, one could modify the starch used at the
size press by incorporation of pendant hydrophobic groups, which would be able to form
reversible associations with the styrene groups of such copolymers as SMA and SA (Zhang
2001). Second, one could employ oppositely charged starch and hydrophobic components,
e.g. oxidized starch with a cationic latex (Bung 2004; Iselau 2015). However, due to the
relatively low solids content of typical size press solutions, it is not clear whether or not
the strategies just mentioned would be sufficient to reach the targeted level of hold-out at
the paper surface. A third option consists of using cationic starch at the size press (Lee et
al. 2002). Possibly because its charge is opposite to that of typical papermaking fibers, the
cationic starch has a greater tendency to remain near the paper’s surface when applied as a
size press. In recent work by the same group, Seo et al. (2020) showed that the penetration
of oxidized starch into paper at the size press could be decreased by pre-mixing it with
cationic acrylamide copolymer. Furthermore, as was noted earlier, an emerging
technology to achieve higher viscosity and a gelation tendency in aqueous coatings for
paper involves the use of nanofibrillated cellulose (Dimic-Misic et al. 2013; Hubbe et al.
2017). Such mixtures exhibit a strong shear-thinning tendency, which can be regarded as
favorable for size-press operations. However, it is important to run trials on the industrial
equipment to confirm that a given formulation is suitable for the paper machine speeds,
solids levels, and other parameters characterizing the operation.
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Migration

If the starch and hydrophobic copolymer applied to paper at a size press were to
remain as a highly uniform mixture, then the contribution to any hydrophobic effect would
be minor. That expectation follows from the much lesser content of the hydrophobic
copolymer in comparison to starch in typical cases. Thermodynamics favors the migration
of lower-energy chemical groups to the surface of a film that is in contact with air
(Mortazavi and Nosonovsky 2012; Reinke et al. 2015). However, there can be uncertainty
regarding whether the molecules within the film have had sufficient time and ability to
move in order to achieve significant migration. Fortunately, once again, there are methods
that can be used to demonstrate the presence of chemical groups in the outermost surface
layers of solids. In particular, this can be achieved with use of time-of-flight secondary ion
mass spectrometry (ToF-SIMS) (Belu et al. 2003). This method has been used in the past,
for instance, to show the presence of substances at the surface of paper that interfered with
the performance of alkenylsuccinic anhydride (ASA) sizing treatment (Brinen and Kulick
1994).

Molecular orientation and wettability

Contact angle tests can be used to reveal the extent to which hydrophobic groups
are exposed at the surface of a starch-based film (Garrett and Lee 1998; Andersson et al.
2008; Anttila et al. 2012; Gigac et al. 2014; Iselau et al. 2015; Wang and Fang 2016;
Ozdemir et al. 2017a,b). By carrying out such tests with both water droplets and
diiodomethane, it would be possible to show evidence of the effect of styrene groups in
increasing the dispersion component of free energy at the surface (Moutinho et al. 2011).
Information from such tests also can be backed up by inspecting wavelength shifts of
infrared spectra; for instance, such shifts could confirm the existence of association among
adjacent styrene aromatic groups or hydrogen bonding interactions (Mikhaylova et al.
2006; Bonechi et al. 2008).

Suitability for particular applications of paper

Laboratory work also will be continually helpful as a way to answer questions about
the suitability of hydrophobic additives for different grades of paper. As was noted by
Shreier (1997), a variety of different hydrophobic treatment agents and schemes are needed
in order to meet the contrasting requirements faced by different papermakers. Up to this
point the main usage of hydrophobic additives to the size-press have been in printing
grades. In view of the increased printing of packaging paper and paperboard grades — for
instance for point-of-sale containers, which serve for both shipping and display — one can
envision implementation of this type of technology in various pre-printed packages.
Packages that require resistance against water vapor, oxygen, or grease also seem the be
good candidates, since barrier layers often incorporate starch and/or hydrophobic
treatments (Ferrer et al. 2016; Hubbe and Pruszynski 2020).

Molecular Dynamics Simulations

The topic of molecular dynamics (MD) simulation is worth emphasizing here due
to its unique characteristics. Unlike the approaches just described, it is possible to do the
entire MD analysis by computer. The challenge is to define suitable boundary conditions
and assumptions about the interactions among the molecules. MD simulations become
increasingly challenging as the molecular mass of the materials is increased. Though the
power of available computers has rapidly increased, it is still necessary to make simplifying
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assumptions and approximations, which can affect the user’s confidence in the answers.
An example of such a simulation is provided by Xue et al. (2018), who showed how SMA
molecules can arrange themselves at the surface of proteins. The interaction appeared to
be driven by the hydrophobic effect, as mentioned earlier (Blokzijl and Englberts 1993;
Anttila et al. 2012). MD simulations have been used effectively to study the design of
proteins and their wettability (Childers and Daggett 2017). Also, MD simulations have
been used to model the transformation of helical polymer structures to crystalline polymer
structures (Yamamoto et al. 2005).

Kinetic Issues

There are aspects of the mechanism of surface hydrophobization in starch mixtures
that are likely to involve competition between different concurrent processes. For instance,
an SMA chain may be simultaneously undergoing a self-association equilibration,
diffusing in the bulk of solution, orienting itself relative to adjacent hydrophilic or
hydrophobic entities, and ultimately orienting itself at the surface. It is likely that none of
these interactions involve covalent bonding. Often it can be a challenge to match realistic
mechanistic models of a process so as to be able to explain overall rates. One can envision
experiments in which the liquid in contact with a surface is abruptly changed, and one
evaluates the rate at which the wettability of the surface changes as a response (Yasuda et
al. 1995). Also, one could evaluate the effects of factors such as temperature and molecular
mass that might influence rates of development of hydrophobicity at surfaces. Since
changes in temperature often cause different rates of drying, one can envision experiments
in which highly humid conditions or increased atmospheric pressure are employed as a
means of keeping the overall drying rate constant in a series of tests.

Developmental Opportunities
Coordination with jet cooking

The processing industries are continually looking for ways to adjust their processes,
equipment, and related control technologies to achieve higher efficiency. In past decades
the industry has generally moved away from batch cooking of starch and into continuous
cooking, which is sometimes called jet cooking (Rankin et al. 1976). There is some
evidence to suggest that the jet cooking or starch may offer some advantages in terms of
the formation of V-complexes that can serve as hosts for hydrophobic compounds. In
particular, it has been found that changes in the crystal form of starch can begin to happen
soon after the initial gelatinization of the starch (Andersson et al. 2008). In principle, if a
hydrophobic agent is added either before or immediately after the starch has been
gelatinized, the presence of the hydrophobic compound will favor the development of the
V-complexes, which also will be acting to as hosts to stabilize the hydrophobic compound
in the starch mixture (Immel and Lichtenthaler 2000). One can envision a series of tests to
optimize this part of the process, in addition to studying effects related to subsequent steps
such as migration to the surface and release of hydrophobic compounds from the starch
complexes.

Higher starch molecular mass

One of the inherent features of size-press application of starch is that the starch
generally needs to have been reduced in viscosity to flow adequately during application in
various size-press nip configurations. However, by use of different equipment it has been
possible to increase the viscosity of the starch solution and still achieve good runnability
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(Klass 1988, 1990; Lipponen et al. 2005). In principle, a starch product that has been
excessively decreased in molecular mass will have less potential to contribute to strength
in a paper product (vanSoest et al. 1996). But there has been a lack of study to determine
whether there is an optimum molecular mass of starch that will be most suitable in terms
of hydrophobization at the size press.

Green chemistry

Though SMA and SA copolymers generally have displayed favorable properties,
allowing them to become widely implemented in the paper industry, these products are
prepared from petroleum-derived monomers.  Surface sizing with natural-based
hydrophobic agents has been considered in a minority of reported studies (Dong et al. 2015;
Han and Cho 2016; Kopacic et al. 2018). The cited studies all involved the use of lignin,
which bears a rough resemblance to SMA and SA, since it has hydrophobic aromatic
groups. Lignin is available at low cost and in very large quantities at pulp mills throughout
the world. Key challenges with respect to using lignin as the basis for chemical preparation
have been related to its complex, irregular molecular structure, as well as expected
variability in composition and molecular mass when comparing different days or different
locations. One might argue that the hydrophobization of paper’s surface might be a more
forgiving application compared to some other potential applications for lignin. Such
questions might require considerable developmental research to answer.

Another polymer worthy of consideration in future studies of surface sizing and
hydrophobicity is chitosan. Like starch, chitosan is obtained from renewable resources
(e.g. crab shells). Chitosan has been used for surface-sizing or coating of paper, leading to
products with improved properties (Lertsutthiwong et al. 2004; Kjellgren et al. 2006;
Fernandes et al. 2010). Unlike native starch, chitosan has a positive ionic charge, which
might give it favorable performance as a size-press additive. In addition, dried chitosan
films are known to have a hydrophobic character (Cunha et al. 2008; Hubbe 2019).

CLOSING COMMENTS

Based on the publications considered in this article, one can conclude that the
addition of hydrophobic copolymers at the size press of paper machines fills an important
need related to paper products, especially in the domain of printing papers. Some factors
that appear to be important, to achieve favorable results, include a balance of hydrophobic
and hydrophilic parts of the molecule, a sufficient molecular mass, and addition to a starch
solution. Evidence is consistent with a process in which the hydrophobic material is
stabilized by the presence of starch molecules, taking advantage of the ability of amylose
to present hydrophobic character within certain helical structures, etc. Also, the published
findings are consistent with a process whereby the hydrophobic copolymers migrate, at
least to a partial degree, so that they are enriched at the air interface by the time that the
film of starch has dried by evaporation during the papermaking process. However, the
amount of academic research devoted to this area of technology has been limited. Thus,
many mechanistic questions are still in need of careful study to nail down the mechanisms
in a more convincing way. Also, there appear to be rich opportunities for further
developments related to efficient processing and distribution of the hydrophobic additives
at the paper surface in paper production facilities.

Bildik Dal & Hubbe (2021). “Surface hydrophobes,” BioResources 16(1), 2138-2180. 2166



REVIEW ARTICLE bioreSOUI'CGS.Com

Regarding the three hypotheses introduced near the start of this article, the findings
are mixed. Abundant, but often indirect support can be found suggesting that the amylose
component of typical starch in aqueous solution has a strong ability to stabilize
hydrophobic compounds. The second hypothesis involved a proposed pair-wise
association between macromolecules of styrene maleic anhydride or related compounds;
though this hypothesis is supported by light scattering results and contact angle tests
(Garnier et al. 2000), further study is recommended. The third hypothesis proposed that
heating and evaporative drying of a starch film might induce phase separation and thereby
promote migration of hydrophobic copolymers to the air-starch interface. Though this
explanation does not appear to conflict with reported findings, it is waiting for definitive
experiments to more fully test its validity for systems of interest to papermakers.
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