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Abstract We propose a new method for determining
the surface energy of paper and its components using
the contact angle technique. Calendered sheets and
model liquids were used in this study. A rapid
evolution of the probe/handsheet contact angle with
time was observed for all tested conditions. A
suitable method for choosing the contact angle and a
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new model to determine the surface energy and its
components is proposed. The total surface energy of
paper hansheets (47.2-50.4 mN m™") and its compo-
nents (dispersive y* ~ 19-20, polar y* ~ 4-5 and
hydrogen bond y" ~ 25-32) are in good agreement
with literature data.
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New method for determining paper surface energy
per contact angle
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Introduction

The surface energy of a solid is often determined by
Contact Angle (CA) or Inverse Gas Chromatography
(IGC). Nowadays, IGC is increasingly used to over-
come the delicate conditions required by CA. It has
been used in the evaluation of various plant and wood
fibers (Jacob and Berg 1994; Papirer et al. 2000; Steele
et al. 2008; Cordeiro et al. 2011; Guo et al. 2013;
Gamelas 2013). High speed image acquisition tech-
niques allow the analysis of the evolution of the
contact angle of a microdrop deposited on the surface
of a material, despite the very fast absorption of the
liquid probe. It has become possible to measure CA on
problematic materials, such as paper, needing several
approximations related to flatness, porosity, and
heterogeneity (Gellerstedt and Gatenholm 1999; Tze
and Gardner 2001; Gémez et al. 2012; Hubbe et al.
2015).
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Paper surface energy depends on several parame-
ters that must be taken into account to predict good
wetting. For example, pulping and bleaching pro-
cesses, either alkaline or peroxide-based, can extract
lignin increasing the hydrophilicity and consequently
the surface energy (Chaiarrekij et al. 2011). Another
important factor is the refining process that can make
fibers more conformable and consequently denser,
smoother and less porous. Increasing the ratio of fines,
particles with a high surface energy, can also decrease
the contact angle (Vainio 2007; Mirvakili 2011). The
surface roughness decreases the contact angle by the
presence of hydrophobic air bubbles (Marmur 2006;
Nosonovsky and Bhushan 2007; Quéré 2008). For a
rough surface, the measured angle is only an average
of a distribution of contact angles reflecting the
heterogeneity of the surface (Akinli-Kocak 1997;
Nosonovsky and Bhushan 2007). The sheet forming
technique (laboratory or industrial scale) and the
presence of salts in water (demineralized/carbonated
water) can yield various levels of roughness (Mou-
tinho et al. 2007). Finally, probe properties like
viscosity, molar volume and cohesion energy density
(solubility parameters) also influence on the measured
contact angle. The diffusion of the drop in the paper
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and the wetting time increase with the increase of the
viscosity of the liquid (Wagberg 2009).

Since the early work of Thomas Young (1805),
different models have been proposed for the determi-
nation of the surface energy of a solid. Among them,
the most used are Zisman (1964), Owens and Wendt
(1969), and Young-Good-Girifalco-Fowkes et al.
(Van Oss et al. 1988). For a weakly polar, smooth
and non-porous surface, the representation of cos as a
function of the surface energy of the different liquid
probes (7y;) can be used to calculate the surface energy
(vs) of the solid material using Eq. (1) (Fox and
Zisman 1950; Ministere des Affaires Sociales et de la
santé 2013):

Vs = Vg + vy 08 0 (1)

where 7y is the solid-liquid interfacial tension and 6
the contact angle.

For polar surfaces with weak hydrogen bonds,
Owens and Wendt (1969) have proposed a model for
determining v, and its dispersive (y?) and polar (}?)
components where ), = yf -+ #. The equation con-
necting these components to the contact angle is:

w1+ cos0) = 24/ [t + 2\ [ )

Equation 2 can be rearranged in a linear form:

7;(1 4 cos 0 7
mrl o ke o)
2/ i
) . . .
By plotting y = n(14¢050) a6 a function of x = \/_f, we

K] ]
2\/; 7

obtain \/ﬁ and \/E .

In recent years, the most successful model is Van
Oss, Chaudhury, and Good known as VOCG (Van Oss
et al. 1988). It takes into account the nature of
chemical groups present at an interface. In this model,
all van der Waals forces, including the polar compo-
nent (yP), are grouped into a single variable y'. Forces
due to acid—base interactions (hydrogen bonds) are
denoted yab, which in turn is a combination of electron
donor (y~) and acceptor (y"). Thus, the surface energy
can be described as the sum of ¥ + v*°. The equation
connecting these components to the contact angle is:

Ve = Vs + 0 = 20V = 2 = 24/vs e (4)

Equation (4) has three unknowns: yiw, y¢ and ;.
To obtain yéw, the Fowkes formula for an apolar probe
(Eq. 5) is used, where the values of x and y defined
above are equal to zero (Fowkes 1964).

. (1 +cos6)?
e = AL ¥ c0sB)F 8

Finally, yf and y; are calculated by solving a
system of equations obtained by measurements with
two polar liquids.

Several authors consider the acid-base approach to
be the most reliable for the determination of surface
energy and its components. However, as described in
the literature, this approach is very sensitive to the
numerical values of the components of the surface
tension of the liquids used and of the contact angle
measurements (Zenkiewicz 2007).

The solubility parameter o is also used in the
evaluation of the surface energy and its components
for a solid material. For weakly polar materials, where
only dispersion forces are significant, the theory of
regular solutions developed by Hildelbrand can be
applied (Hansen 1967). This theory is not valid for
materials likely to contain hydrogen bonds, such as
cellulose. To avoid this drawback, parametric models
have been proposed with, in most cases, two- or three-
dimensional graphic representations. Among these
models, the Hansen model is used to determine the
nature and type of interactions between different
materials (Hansen 1967). According to Hansen, the
density of the cohesion energy (8) of a liquid includes
all intermolecular forces: 64 dispersion force, &,
polarity force and J, hydrogen bond strength. By
representing g, 8, and Jy, in a tridimensional system
and doubling the axis of d4, all solvents that solubilize
the polymer would be in a solubility sphere of radius
Ra. The solubility parameter of a polymer is repre-
sented by a point situated in the center of this sphere
and its coordinates are (4, , Opq, Ony)-

Since the appearance of Hansen’s model, hundreds
of articles have confirmed its validity. It has allowed
the selection of the best solvent, swelling or wetting
liquid for polar polymers, the replacement of a toxic
solvent with a non-toxic liquid mixture, the determi-
nation of surface energy, the dispersibility of solid
particles in a liquid medium, and the explanation of the
adsorption and interactions of the many ingredients in
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a formulation (paints, cosmetics) (Belfkira and Mont-
heard 1994).

Wetting and solvation of lignocellulosic fibers by
organic liquids has been extensively studied. Mantanis
et al. (1995) observed that liquids capable of estab-
lishing hydrogen bonds will wet lignocellulosic fibers
better. Thode and Guide found a linear relationship
between the solubility parameters of polar liquids,
their retention and the increase in the volume of
lignocellulosic fibers (Thode and Guide 1959). Philipp
et al. concluded that three parameters influence the
swelling of lignocellulosic fibers by organic solvents:
(i) the hydrogen bonding fraction &, and the polar
fraction 8, and the synergetic effect between them, (ii)
the solvent volume molar and (iii) the structure of
cellulosic fibers, especially their width and pore
distribution (Philipp et al. 2007).

A good wetting agent will be a pure liquid, or a
mixture, having a solubility parameter with the same
components as the fibers constituting the paper sheet.
Thus, we were inspired by the Zisman model to
determine the components (34, 6, and 6y,) of the best
wetting agent by representing cos versus o; (with
i=d, p and h). For this, we have chosen polyols
(glycerin, ethylene glycol and propylene glycol),
liquids that can establish strong interactions with
cellulosic fibers (Thode and Guide 1959; Philipp et al.
2007). The point of intersection of each line corre-
sponding to cos® = 1 will allow to determine the
coordinates of the best wetting liquid for each type of
cellulosic fibers. From the values found graphically,
we used the Hansen and Beerbower Egs. (6) and (7) to
determine the surface energy components (y®, y? and
Y™ as well as the total energy y (Hansen and
Beerbower 1971).

y = 00715V (8} 40,7147 (5% + o7 )| (6)

3 =0,0715 x V1382
W =0,0715 x 1v1362
¥ =0,0715 x (V1B
where [ is a correction factor.

(7)

This work is devoted to the determination of
contact angle, surface energy and its components
(dispersive, polar and hydrogen bonding) of paper
sheets using the sessile drop technique. The method
used for pulping and fiber characterization and the
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effect of fiber size and shape on the physicochemical
properties of paper sheets have been widely discussed
in our previous paper (El Omari et al. 2017). In
consequence, we will limit our study to the effect of
roughness and porosity (before and after calendering),
two characteristics of the surface of the sheet that have
an effect on adsorption and absorption. More emphasis
will be given to the determination of the contact angle
and the surface energy and its components by the
proposed method.

Materials and methods

Lignocellulosic fibers properties and handsheets
preparation

Five different lignocellulosic fiber pulps were used in
this study. Three were extracted from plants growing
on Moroccan soil [Agave (Agave americana), Diss
(Ampelodesmos mauritanius), and Typha (Typha
latifolia)]. The two other samples were industrial
pulps: bleached softwood (kraft) and thermomechan-
ical (TMP) pulps provided by Northeastern Canada
mills. In a previous work, we have detailed: (i) the
pulping process, (ii) the analysis of these fibers by
Fiber Quality Analyzer (FQA), and (iii) the determi-
nation of the degree of crystallinity by XRD (El Omari
et al. 2017). In addition, this work contains the
determination of pH on the five pulp samples. These
measurements were made using the method described
by Douglas J. Gardner (Segal et al. 1959): 1 g of
freshly ground fiber was placed in 100 cm® distilled
water and mixed until complete wetting of the fiber.
The pH was measured with a glass electrode pH-meter
after a 5 min stabilization time.

The handsheet preparation method, the physical
characterization of the paper samples (strength tests,
porosity, and roughness) and the study of the effect of
fiber morphology on each property have been widely
discussed in our previous study. Scanning electron
microscopy (SEM) images of the sheet structure were
taken using a JSM-5500 system (JEOL Ltd.). All
handsheets were calendered at a pressure of 450 PSI at
80 °C before measuring the contact angle.
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Probes

Five model probes were used: o-bromonaphtalene
(95.0% GC grade, Fluka Chemie GmbH), N,N-
dimethylformamide (DMF, 99%, VWR Chemicals),
glycerin (99% + , Acros Organics), ethylene glycol
(99,5%, Sigma-Aldrich) and propylene glycol (99%,
Panreac). All products were used as received. Mea-
surements were done at room temperature.

Contact angle measurement

Contact angles were measured using a Kriiss DSA1
(Software for Drop Shape Analysis) tensiometer. The
device consists of a CCD camera, a horizontally
moving sample holder, a vertical and horizontal
displacement syringe holder and a diffuse light source.
The solid sample was glued to the sample holder so
that the surface is as flat as possible. A 4 pl volume of
each probe was deposited on the surface using a micro-
syringe. The image of the drop, assimilated to a
spherical cap, was acquired by the camera, and
processed by the instrument software to determine
the value of the contact angle with Eq. (8):
0 2h

tanE = B (8)
where 0 is the contact angle, h is the height of the drop
and D is the length of the base of the drop. For each
liquid, five measurements of the evolution of the angle

as a function of time were carried out. The contact
angle, determined by our method, is an average of
these measurements.

Crystallinity index

The crystallinity of each sample was determined by
X-ray diffraction using a Bruker AXS D8 Advance
diffractometer with a scintillation detector and a cobalt
tube, with the PANalytical X’Pert HighScore sofware.
The crystallinity index of various cellulose fibers was
evaluated according to the Segal method (Segal et al.
1959; French 2014).

Results and discussion
Characteristics of pulps and handsheets

A pulp is often characterized by its percentage of fines,
the fiber mean length, pH and the degree of crys-
tallinity. The values obtained with our samples are
close to those found by other authors for annual and
perennial plants (Table 1). The effect of fiber size and
morphology, bleaching and fines on handsheet prop-
erties such as density, porosity, roughness, moisture
adsorption and mechanical properties have been
discussed before (El Omari et al. 2017).

The high speed of the evolution of the probe/
handsheet contact angle with time is explained by the

Table 1 Physicochemical

. Fiber type Pulp characteristics
properties of prepared pulps
Crystallinity (%) Fines (%) Weighted average lengths (mm) pH
Kraft 69.27 25.73 2.16 4.68
Typha 63.85 36.21 0.62 5.19
Diss 61.80 37.00 0.75 5.18
TMP 59.04 37.48 1.77 4.54
Agave 44.05 46.55 1.15 5.23
Table. 2 Dry content, Fiber type Dry content (%) Porosity (mL/min) Roughness (pm)
porosity and roughness of
handsheets Kraft 353 11.338 8.17
Typha 3.73 2.145 8.67
Diss 3.31 11.622 8.40
TMP 4.17 5.764 9.19
Agave 3.21 7.636 10.63
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possibility of establishing strong interactions between
the two materials (hydrogen bonds, dipoles). Indeed,
pulping makes the surface hydroxyl groups accessible
to polyhydroxylated molecules. In consequence, the
high fines content, combined with high energy and
surface area, will increase the draining properties

(Vainio and Paulapuro 2007). The acidic pH of pulp
samples indicates that fibers have been oxidized
during the bleaching step creating carboxylic groups.
The presence of polar groups (OH and COOH) and
amorphous zones increases the hydrophilicity of the
material. As it can also be seen in Table 2, the amount

Fig. 1 SEM images (x500) of calandered paper from different fiber of fibers: a Kraft, b Typha, ¢ TMP, d Diss and e Agave
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Table 3 Porosity and roughness of handsheets before and
after calendering

Fibers Agave Diss Typha Kraft TMP

Before calendering

Porosity (mL/ 7.637 11.622 2.147
min)

Roughness (um) 10.63 840 8.67 8.17 9.19
After calendering

Porosity (mL/ 3339  4.621 508 2786 1.353
min)

Roughness (pum) 6.29 4.10 3.85 319 394

11.338 5.764

of water adsorbed by bleached fibers decreases as the
degree of crystallinity increases because of the
involvement of hydroxyl groups in the crystalline
structure (Nakamura et al. 1981). Agave fibers, having
the lowest crystallinity and the highest fines content,
are the most absorbing (Lewin and Pearce 1998).

Also, fibers are subjected to various chemical and
mechanical treatments during the preparation of
handsheets. Consequently, substantial changes in fiber
configuration and conformation, fiber chemical com-
position, fines content, formation, density and porosity
of the sheet will occur. All these factors will in turn
influence the topography and the amplitude of the
roughness of the sheet surface and consequently, as it
can be seen in Table 4, the contact angle.

In view of the results obtained, it is clear that
despite the fact that plant fiber pulps have undergone
the same treatment, paper sheets have different
properties depending on the plant. However, commer-
cial fibers do not follow the same trend. As expected,
handsheets have a rough surface and a porous structure
regardless of fiber origin. Differences between hand-
sheets can be explained mainly by the distribution of
fiber size in terms of length and thickness, the fines
ratio, the degree of crystallinity and the conformability
of fibers.

SEM images of handsheets (Fig. 1) show variations
in the fiber shape which confirm the porosity and
roughness of samples: straight or flattened, presence of
curls and kinks, entanglements and empty spaces.

Paper surface energy

Results obtained by the sessile drop technique should
be treated with caution. Indeed, most conditions

required by this technique are not met by our samples.
They are characterized by high porosity, rough
surface, high polarity, and the use of polar probes.
Handsheets are far from an isotropic material. Surface
roughness and porosity are two parameters to be
considered when analyzing and interpreting the sur-
face energy data evaluated from contact angle mea-
surements. Making measurements on highly polar
handsheets, rough and porous fibers is very difficult.
Therefore, calendering is necessary to attenuate
roughness and porosity. The calendering operation,
which consists in passing a sheet through the nip
between smooth rolls at high pressure and tempera-
ture, strongly affect the smoothness of paper surfaces.
Even after calendering, the porosity and roughness of
handsheet surfaces remain high making them very
difficult to study (Table 3).

In addition, the pulping process increases the
availability of surface hydroxyl groups making fiber
surfaces very energetic with respect to hydroxylated
probes (Fig. 2). Thus, wetting angle measurements
will be very difficult on this type of surface. Indeed,
the speed of absorption will be very large requiring an
ultra-fast measurement system.

The choice of the contact angle

For each probe and fiber type, the evolution of the
angle 0 with time is composed of two decreasing
segments. Figure 3 shows an example of a typical
curve: the glycerin probe on kraft pulp fibers. Theo-
retically, the surface energy of the material cannot be
determined from this curve since each point is far from
steady state (no balance). In fact, once deposited on the
surface of the sample, the liquid spreads and pene-
trates into the material making it impossible to form a
spherical cap.

In this situation, which angle should be chosen to
determine the surface energy? Three different options
can be considered: (i) extrapolating the first segment
(S1) tot — 0, i.e. when the drop contacts the surface
of the handsheet; (ii) taking the intersection point
(D) between the two linear segments (S1) and (S2) or
(iii) extrapolating the second segment (S2) to t — 0.

During the first step, as soon as there is contact
between the probe microdrop and the surface of the
material, we estimate that there is contact only
between probe molecules, water molecules adsorbed
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Fig. 2 Evolution of the contact angle of each probe as a function of time for each fiber type

on the surface of the fibers, and the air trapped in the
pores of the material (Fig. 4, First step).

Then, depending on the viscosity of the probe and
the probe/water affinity, there will be a more or less
rapid exchange between probe and water molecules

@ Springer

and a displacement of the air in the pores of the
material. This will result in a cross-diffusion of probe
and water molecules adsorbed on the surface of fibers.
This exchange will continue until probe molecules
achieve close contact with functional groups covering
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the fibers (OH and COOH). We propose to use the
contact angle value observed at this point for further
calculations. After this point, probe molecules will
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only continue to adsorb on fiber surfaces and to
migrate inside the fibrous network by wetting the
underlying fibers. The extrapolation of the second
segment (S2) tot — 0 makes it possible to obtain the
most probable and representative contact angle. We
consider that the intersection point (I) of the two
segments represents a fairly advanced state of wetting,
given the rather high absorption rate of the various
selected probes.

Our proposition is confirmed by the evolution of the
volume of the drop of each probe for each fiber type
(Fig. 5). Here again, two decreasing segments, parallel
to those of the contact angle against time curves, are
observed. At the time corresponding to the intersection
point of the two segments, there is a slight increase in
volume (marked by a red circle in Fig. 5) followed by
the onset of a decrease in volume corresponding to the
beginning of the second segment. This phenomenon is

First step
NS
’2'1,,, ;J" vblq‘

OH
COOH

LL\m L'ﬂ/ Second step

el
Y

OH
i COOH

- w"b“r\;\’l’qu,ﬂﬁth% Third step

Legend

Hydrogen bond

@ Springer



9304

Cellulose (2019) 26:9295-9309

Fig. 5 Evolution of the 7

. - i 3,50
volume of the deposned 6 Kraft - Glycerin Agave-Ethylene glycol
drop as a function of time for 325h
Kraft and Agave fibers using 5{ @ ° ’
gly;erm and ethylene glycol 5 4 Q = 3,00
probes = = Q2
T T
’ Q3 Q
] g 0 0 Uy
2,50
14
0 ; ; . 2,251 ; . .
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
Table 4 Contact angle obtained by extrapolating S2 tot — 0 10
B Kraft

for each fiber type

Probe Kraft Typha Diss TMP Agave

Glycerin 52.12 3443 61.88 55.02 47.04
Ethylene glycol 39.86 2291 4171 13.64 394
Propylene glycol  17.13 19.86 183 15.85 19.94
DMF 19.39 2089 2129 1597 219
Bromonaphtalene 17.32 12.72 1341 11.17 14.67

recurring with all probes and for all fiber types. It can
be explained by taking into account changes that fibers
will undergo upon contact with the solvent: (i) an
initial absorption of a part of the liquid which causes a
decrease in the volume of the drop; (ii) after a few
seconds, the first fibers having absorbed the probe see
their volume increase, this increase is a very advanced
wetting of the fibers; and then (iii) a final decrease in
volume due to the wetting of the fibers underneath
their wetted fraction. Hence, we propose to take the
angle found by the extrapolation of the second
segment to t — 0. Average angles (0) for the different
probes for each fiber types are listed in Table 4.

Calculation of the surface energy and its
components by different models

For the determination of the surface energy and its
components, we will use the two models that take into
account both polarity forces and hydrogen bonds:
Owens and Wendt (1969) and VOCG (Van Oss et al.
1988). Then, we present the results obtained by
applying our model.

@ Springer
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Fig. 6 Determination of yd and y® using the Owens—Wendt plot
Owens and Wendt model

The dispersive and polar components of the surface
energy were calculated with the linear form of the
Owens and Wendt model (Eq. 3). The y versus x plot
is shown in Fig. 6. The values obtained for v4and P as
well as the total surface energy 7y are given in Table 5.

Considering the non-ideal nature of studied sur-
faces, the curves obtained are almost straight lines
with correlation coefficients close to unity (Table 5).
Values of y are slightly higher than those of treated
lignocellulosic fibers with Diss being the only excep-
tion (PerSin et al. 2004). This can be explained by the
presence of larger amorphous zones in studied fibers.
The low degree of crystallinity of Agave (highest
energy) and the high crystallinity of kraft pulp fibers
(lowest energy) are consistent with these results and
those reported by other authors (PerSin et al. 2004).
The v and Y components are also in good agreement
with our assumptions. The increase in amorphous
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aT:;ﬁzSOb\t’;El:; f‘;f)rf’t 11{: Fibers ¥ v y (total) ~ R? Crystallinity (%)
Owens-Wendt plot Kraft 1043 3758 4801 0.99239  69.27
Typha 8.82 43.16 51.98 0.98948 63.85
Diss 19.01 15.37 34.38 0.95823 61.80
TMP 13.99 27.88 41.87 0.84572 59.04
Agave 6.35 54.61 60.91 0.97322 44.05
Viscose (Persin et al. 2004) 5.46 39.05 44.46 - -
Lyocell (Persin et al. 2004) 541 36.69 42.10 - -
Table Vs o e " P w7
components for each probe Glycerin (Gly) (Wu et al. 1995) 634 370 264 39 574 30 34
Ethylene glycol (EG) (Wu et al. 1995) 483 309 174 19 470 19 29
Bromonaphtalene (BN) (Wu et al. 1995) 444 444 0 0 0 0 444
Propylene glycol (PG) (Moutinho et al. 2007) 354 264 9
Dimethylformamide (DMF) (Hansen 2000) 379 325 9
Table 7 VOCG parameters for fiber samples and other literature values
Parameter (mN/ Kraft Typha Diss TMP Agave Cellulose Amylose Kraft
m) (Kontogeorgis (Kontogeorgis (Shen et al. 1999)
and Kiil 2016) and Kiil 2016)
i 4241 43.32 43.20 43.56 42.97 44 423 43.6-44.6
Calculated
T 1.01 1.67 0.63 2.63 1.91 0.28 0.64 0.5-0.8
Vs 10.52 16.22 1.8 4.32 14.93 243 41.4 9.7-11.3
b = 2m 6.52 10.41 2.13 6.74 10.68 52 10.3 5.0-5.6

zones is generally accompanied by an increase of the
polar and a decrease of the dispersive component.

Van Oss, Chaudhury and Good (VOCG) model

The VOCG method requires a minimum of three
liquid probes, since Eq. (5) contains three unknowns.
In the present work glycerin, ethylene glycol and a-
bromonaphthalene were used as test liquids of known
energy components: surface tension, dispersive and
acid-base components (Wu et al. 1995; Hansen 2000;
Moutinho et al. 2007). To solve Eq. (5), yéw was
calculated with Eq. (4) using the cosf value found
with o-bromonaphthalene (apolar). The values of
surface tension components and parameters are found
in Table 6.

Table 8 Solubility parameter and components for each sol-
vent used (Hansen 2007)

Probe St 3 dp J

Glycerin 19.31 8.46 59 14.3
Ethylene glycol 16.3 8.25 54 12.7
Propylene glycol 14.8 8.24 4.6 11.4

It is very interesting to note the similarity of our
values with those found by other authors using other
contact angle and IGC techniques (Shen et al. 1999;
Kontogeorgis and Kiil 2016). This shows the rele-
vance of the method we proposed for selecting the
contact angle value (Table 7).

@ Springer
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Fig. 7 Plot of cosb against 1.0
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Table 9 Solubility parameter components
Fiber type R? dq R? dp R? On R? Ot graph. &7 calc.
Kraft 0.7344 8.13  0.9945 445 09862 1091 09393 13.75 14.315
Typha 0.9864 8.11 0.7712 4.04 09089 1024 09696 12.89 13.67
Diss 0.8511 8.16 09526 452 09993 11.12 09893 14.14 14.51
TMP 0.9962 823 0.6069 4.69 0.7822 11.61 0.8797 15.04 14.98
Agave 0.6322 8.06 0.9987 429 09490 10.50 0.8764 13.03 13.91
Cellulose (Rinaldi and Reece 2013) - 7.7 - 332 - 12.1 - - 14.76
[BMIM]PF¢ (Rinaldi and Reece 2013)  — 1027 - 533 - 841 - - 14.33
[OMIM]PFg¢ (Rinaldi and Reece 2013) - 9.78 - 4.9 - 8.07 - - 13.59
Dextran C (Rinaldi and Reece 2013) - 11.9 - 9.7 - 11.0 - - 18.9
NMNO (Rinaldi and Reece 2013) - 9.3 - 5 - 7.9 - - 13.5
Hybrid model

Table 10 Total surface energy and components determined

with the hybrid model (mN/m)

Fiber v vP % vy (total)
Kraft 19.54 4.68 28.15 52.38
Typha 19.45 3.86 24.80 48.11
Diss 19.69 4.83 29.25 53.77
TMP 20.03 5.20 31.88 57.11
Agave 19.21 4.35 26.08 49.64

@ Springer

Table 8 contains the value of the solubility parameter
of each solvent used, as well as their components (d4:
dispersion force, 0,: polarity force and dy: hydrogen
bond strength) according to Hansen. Figure 7 shows
the plot of cos 0 against each component of the Hansen
solubility parameter (84, 6, and ) for each probe.
These plots are used to determine the coordinates of
the best wetting liquid for each fiber type.
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Table 11 Surface energy values obtained with different models (mN/m)

Zisman Owens—Wendt VOCG Zisman—Hansen

Ye ¥s v v ¥s o N A v Yoo ¥s
Kraft 32.1 39.1 104 37.6 48.0 42.4 1.0 10.5 6.5 48.9 19.5 4.7 28.2 52.4
Typha 22.6 72.8 8.8 43.2 52.0 433 1.7 16.2 104 53.7 19.5 39 24.8 48.1
Diss 334 359 19.0 15.4 34.4 432 0.6 1.8 2.1 453 19.7 4.8 29.3 53.8
TMP 36.4 41.0 14.0 27.9 419 43.6 2.6 4.3 6.7 50.3 20.0 52 319 57.1
Agave 28.7 424 6.4 54.6 61.0 43.0 1.9 14.9 10.7 53.8 19.2 4.4 26.1 49.6

The examination of Fig. 7 shows that there are
some straight lines with acceptable correlation coef-
ficients (R?), especially for the representations of dp
and J,. Intersects with cos® = 1 and the correlation
coefficients are given in Table 9. Values found by
other authors as well as those of the best solvents for
cellulosic fibers are also presented.

Results in Table 9 are in good agreement with the
literature (Kontogeorgis and Kiil 2016). Discrepancies
between the results are not surprising, the opposite
would be the case, for well known reasons like the
nature of matrices and instrumental uncertainty.
However, it can be noted that values found here are
almost equal to those of the best solvents for cellulose,
[BMIM]PFg, [OMIM]PF¢ and NMNO, as well as their
components.

Surface energy components were calculated using
the Hansen—Berower Egs. (6) and (7). The molar
volume was calculated according to the method of
Fedors (1974). This method was already used to
calculate the solubility parameters of chitin, another
type of polysaccharide (Ravindra et al. 1998). The
value of the correction factor / is, on average, equal to
0.8 for many homologous series of compounds. It is
interesting to note that the values of vy, determined by
our model, are close to those found with other models
(Table 10). However, there is a large decrease in
dispersion (y) at the expense of hydrogen bonding
(y") forces. Given the strongly hydroxylated nature of
the matrices (bleached lignocellulosic fibers), we
believe that the values found reflect a certain reality.

The analysis of the results grouped in Table 11,
obtained by the various models including the one
proposed here, shows that globally the values found
for the total surface energy are close. These results are
sufficiently promising to investigate further our
approach by the determination of the contact angle

and the application of the Zisman—Hansen combined
model to determine the surface energy and its
components.

Conclusions

Difficulties encountered in the determination of sur-
face energy by the contact angle technique are
essentially due to the non-equilibrium state often
achieved when wetting a support with liquids. The use
of an apparatus allowing the capture of images
showing the evolution of the callote of the wetting
liquid as a function of time and the choice of
suitable probes are essential. The proposed method
to select the angle corresponding closely to the state of
contact is relevant. Surface energy values, and their
components, determined by our model (Zisman—
Hansen) are in good agreement with those found by
other authors using other techniques.
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