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Abstract

Absorption of liquid or vapor water in paper designed for conversion processes is a critical phenomenon. In particular, the
dimensional stability of the paper as the water content changes is crucial for the success of all the conversion processes,
including copying and printing. Appropriate chemical treatments of the fibers can limit the phenomena of water absorp-
tion, allowing a better workability of the paper substrates. In the present study, moisture absorption tests were conducted
under isothermal conditions on untreated papers and treated by coatings with silane, organo-siloxane and silicone agents,
as well as with polyelectrolytes using layer-by-layer techniques. The treated and untreated papers were tested by changing
the relative humidity between 0 and 80% relative humidity. The Guggenheim—Anderson—de Boer model was used to study
moisture absorption isotherms, showing the increase in the dimensional stability of the papers after the chemical treatments

of the fibers.
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1 Introduction

Absorption of water in wood—cellulosic materials occurs
mainly through the fibers, the pores present between the
fibers and the lumens inside the fibers [35]. When water
interacts with cellulose, it causes physical alterations and
dimensional changes in the fibers. An alteration in the mois-
ture content of the paper can lead to a profound change in
the geometric dimensions of the substrate and in the over-
all chemical-physical and mechanical properties [14].
The dimensional stability of the paper can be defined as
its capability to resist deformations triggered by changes in
temperature, humidity and pressure [42]. In general, dimen-
sional stability usually indicates the resistance to deforma-
tion of the paper following a change in the moisture content
and, in some cases, also following a change in tempera-
ture. Dimensional stability is commonly measured through
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hygro-expansion tests [36], where expansion is measured
as a function of the variation in the relative humidity of the
material. The dimensional stability of the paper is dependent
on the history of the transformation processes to which it
has been subjected before. This result has been obtained in
the past in Laroque [28], but more recently it has also been
shown in Uesaka et al. [48], not only through absorption hys-
teresis tests, but also through specific tests of deformation
under constrained conditions during which the paper is wet
or subjected to a change in relative humidity [16].
Hygro-expansion of paper depends on a multitude of
parameters relating to cellulose pulp and paper such as the
type of wood pulp used in the manufacturing process, the
shape of the fiber, the beating conditions of the fiber and
orientation, pressure and stress acting on the fibers due to the
drying phase [29, 31, 32]. The relationship between hygro-
scopic expansion in the plane and moisture content has been
studied extensively in the past literature [5, 7, 18, 30, 38]. It
has long been known that fiber deformation can be signifi-
cantly reduced by cross-linking the fiber wall as reported
in Cohen et al. [11] and Weatherwax and Caulfield [51],
where formaldehyde was used to induce cross-linking in the
fiber wall. Stamm [43] showed that cross-links can be also
induced through a catalyzed heat treatment. More recently,
the effect of fiber cross-linking on physical and mechanical
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properties of the paper was studied in Horvath et al. [25]
and Tejado et al. [45]. Oxidation is, for example, common to
achieve fiber cross-linking, thus reducing significantly paper
hygro-expansion [10]. The application of periodates is the
most widespread technique, allowing to reduce hygro-expan-
sion of at least 28% [20, 30]. Other techniques to improve
the moisture resistance of paper involve chemical fiber treat-
ments. In this respect, silanes have been used, for example,
in large-scale applications as reported in Twomey et al. [47]
and Gaiolas et al. [17]. Gaiolas et al. showed that grafting
of two alkoxysilanes, namely vinyltrimethoxysilane and
g-methacryloxypropyltrimethoxysilane, onto paper sheets
by cold-plasma discharge leads to a reduction in the surface
tension from about 29.3 to almost 0 mN/m. Tang et al. stud-
ied the influence of the fiber treatment with alkoxysilanes
of different chain lengths (namely methyltrichlorosilane,
butyltrichlorosilane, dodecyltrichlorosilane and octadecyl-
trichlorosilane) on the wetting propertied of cellulose-based
paper, showing the high resistance against oils of the octa-
decyltrichlorosilane-coated cellulose-based paper and the
highest hydrophobicity of the methyltrichlorosilane-coated
cellulose-based paper [44]. Silanes and siloxane resins are
highly hydrophobic, with good resistance in the presence
of humidity. Furthermore, these materials do not exhibit a
toxicity profile for humans. Functionalization of cellulose-
based paper aimed at generating liquid repellency was also
investigated in the literature [9, 19] and, more recently, in
Arslan et al. [4]. Combinations of anionic and cationic poly-
electrolytes to hydrophobized cellulose-based papers were
also widely investigated. More specifically, polyelectrolytes
were used through the applications on the fibers of layer-by-
layer (LbL) coatings, exploiting the anionic charge of the
cellulose fiber. Decher [13], first, and Wagberg et al. [50],
later, reported experimental studies in which the fibers were
repeatedly treated with oppositely charged polyelectrolytes
to form the multilayer. This technique allowed to obtain an
excellent hydrophobization of the cellulose fibers. PEMs
made of polyallylamine hydrochloride and polyacrylic acid
applied to wood fibers were reported to lead to an increase in
the number of fiber—fiber joints and in the number of cova-
lent bonds in the contact area [15]. Contact angles greater
than 90° were achieved by LbL techniques of polyallylamine
(PAH) and polyacrylic acid (PAA), provided that the outer-
most layer was constituted by the cationic polyelectrolyte
[21, 33].

Although the past research efforts, the significant results
achieved and knowledge acquired, preservation of dimen-
sional stability of converting paper is still an open topic,
with scientists and practitioners still pushing toward the
development of innovative and more effective solutions to
protect paper by the effects of the water. In particular, the
employment of hybrid silicone-based organic—inorganic res-
ins to coat cellulose-based paper as well as the effect of the
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additive concentrations on the fiber treatments is sparsely
reported in the literature. The present work focuses, there-
fore, on the comparative evaluations of the ways by which
as-is cellulose-based papers and papers treated with silane
and siloxane agents used in different concentrations, with a
silicone-modified resin or with polyelectrolytes through LbL.
techniques deform, when submitted to absorption of water
vapor in isothermal conditions (at room temperature and for
high humidity variations).

2 Materials and methods
2.1 Fibers (C)

As-is sheets (sample C) based on as-is cellulose without
were prepared as follows: cellulose fiber with 243 g of short
fiber (Cartiera di Guarcino SpA, Guarcino (FR), Italy), 27 g
of long fiber (Cartiera di Guarcino SpA, Guarcino (FR),
Italy) and 5 1 of water were mixed in a pulper (Hitachi,
Frank-PTI, Birkenau, Germany) for 10 min at 500 rpm. The
mixture was transferred to the beating machine (Valley labo-
ratory beater, Frank-PTI, Birkenau, Germany). The speed
was at 600 rpm and additional 9 I of water was used for the
refining process, which lasted 20 min. After beating, the fib-
ers were drained, collected and stored in refrigerator.

2.2 Fiber modifications

As-is cellulose, that is, cellulose achieved as reported in
Sect. 2.1, was mixed with different chemical agents in the
homogenizer (Equalizer, Frank-PTI, Birkenau, Germany)
at a constant speed of 150 rpm until homogenization was
achieved.

2.2.1 Chemicals

2.2.1.1 Silane treatment (1DS and 2DS) 1 and 0.2% of
volatile organic compound (VOC)-free waterborne silane
(Dynasylan Sivo 121, Evonik Industries AG, Essen, Ger-
many) was accurately mixed with 1 1 of cellulose as previ-
ously obtained. The mixture was stirred for 2 h at 150 rpm.
The Dynasylan Sivo 121 boasts a long-chain alkyl group
which is highly hydrophobic. It also features a silanol group
by which it can combine with the hydroxyl group of the
cellulose-based substrate. By forming covalent bonds, the
Dynasylan Sivo 121 is permeable to water vapor.

2.2.1.2 Oligosiloxane treatment (1DF and 2DF) 1 1 of cel-
lulose as previously achieved was mixed with 1 and 0.2% of
fluoroalkyl-functional waterborne oligosiloxane (Dynasylan
F8815, Evonik Industries AG, Essen, Germany) for 30 min
at 150 rpm. Dynasylan F 8815 is a yellowish, slightly tur-
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bid liquid. It acts as a surface modification agent on oxidic,
carboxy- and hydroxy-functional substrates. In this case,
Dynasylan F 8815 is combined by covalent bonds with the
hydroxyl group of the cellulose-based substrate using the
silanol groups. Hydrophobic properties are ensured by the
fluoroalkyl functionality.

2.2.1.3 Siloxane treatment (12GF) 0.5% of polyether silox-
ane copolymer (Glide 450, Evonik Industries AG, Essen,
Germany) was added to 1 I of cellulose as previously
achieved and mixed in the homogenizer for 2 h at 150 rpm.
TEGO® Glide 450 is a highly effective glide and flow addi-
tive with excellent compatibility. It is a clear liquid polyether
siloxane copolymer. It can combine with the hydroxyl group
of the cellulose-based substrate using the silanol groups.
Addition of the product to the coating, can be as supplied or
as a predilution. Predilution in a suitable solvent simplifies
dosage and incorporation.

2.2.1.4 Silicone treatment (258) 1 1 of cellulose as previ-
ously achieved was mixed with 2% of silicone-modified
polyurethane dispersion (Silikopur 8080, Evonik Industries
AG, Essen, Germany) for 30 min at 150 rpm. At the same
time, 20% of Tego VariPlus DS 50 (Evonik Industries AG,
Essen, Germany) was added to complete the chemical treat-
ment. Silikopur 8080 combines the benefits of silicone res-
ins with polyurethane polymers. It provides a water-beading
effect and produces a slippery handle. It possesses extremely
high flexibility and offers good recoatability and air-drying.
It is water reducible and highly compatible. It can estab-
lish strong physical interaction with the cellulose-based
substrates. TEGO® VariPlus DS 50 is an anionic dispersion
of a polyurethane polyol resin for waterborne coatings and
pigment concentrates delivered in liquid form. It improves
adhesion on the substrate.

2.2.1.5 Polyelectrolyte multilayers (PAA/PAH) Polyal-
lylamine hydrochloride (PAH, ABCR Gmbh & Co,
Karlsruhe, Germany) and polyacrylic acid (PAA, Sigma-
Aldrich Corporation, St. Louis, Missouri) both in liquid
form were used to build polyelectrolyte multilayers (LbL)
on cellulose fibers. To optimize fiber adhesion, a solution of
sodium chloride (NaCl) with a pH of 7.5 was used for the
PAH layer and a solution of sodium chloride (NaCl) with a
pH of 3.5 modified with hydrochloric acid (HCl) was used
for the PAA layer. 100 g of cellulose, 500 g PAH, 500 g
NaCl with 7.5 pH, 500 g PAA and 500 g NaCl with 3.5 pH
were added. About 29.4 g of dried fiber pad was obtained by
water drainage of 500 g of cellulose. LbL technique started
with the addition of 29.4 g of the dried cellulose to 2.5 1 of
cationic PAH in the mixer at 150 rpm for 6 min. (Processing
time and rotating speed of the mixer were constant.) The
polyelectrolyte in excess was filtered, and the dried fiber pad

was rinsed with 2.5 1 of NaCl solution with a pH of 7.5. The
pad was re-suspended in 2.5 1 of PAA and mixed for 6 min
at 150 rpm. The pad was rinsed with 2.5 1 of NaCl solution
with a pH of 3.5. The process was repeated four times. At
the end of the process, fibers treated with four-layer poly-
electrolytes with a weight of 26 g were obtained. Adding
474 g of water, the treated fiber pad was ready for the hand-
sheet process.

2.3 Hand-sheet forming process

Untreated and treated paper sheets were prepared using tap
water in a Rapid-Kothen (Frank-PTI, Birkenau, Germany)
hand-sheet former. After preheating untreated or treated
samples in the Plexiglas container, the fiber suspension was
filtered through a microporous bronze removable plate. One
sample at a time was placed on the removable plate for the
preparation of a sheet whose weight, thickness and aver-
age fiber radius were measured. The manufacturing of each
individual sheet with different characteristics mentioned
before was, then, carried out. The samples were placed in a
dryer at 93 °C under a reduced pressure of 95 kPa for 5 min.
Sheets with weights of 50 + 10 g/m? were prepared. Finally,
by setting the oven temperature at 94 °C for 10 min, post-
curing of the fibers was promoted. The physical properties
of untreated or treated sheets are given in Table 1.

2.4 Hygro-expansion tests

Contact angles were measured using a 30-pl solvent droplet
to wet the cellulose-based papers before and after the chemi-
cal treatments of the fibers. A tracer (blue methanol) was
used to highlight the diffusion of the solvents on the sam-
ples surface. The images were captured using a high-speed
digital camera in full HD with a resolution of 1920 x 1280
pixels at a frame rate of (29.97, 25, 23.976 fps), shutter
speed of 1/8000 s to 1/60 s and EF 100 mm /2.8 Macro
USM lens with focal length/aperture of 100 mm /2.8, angle
of view (diagonal: 24°, vertical: 14°, horizontal: 20°) and

Table 1 Physical properties of the samples

Sample Weight (g) Thickness (mm) Mean fiber
radius (pm)
2DF 50+ 10 g/m? 0.1+0.005 mm 6.80 pm
288 50+ 10 g/m? 0.1+0.005 mm 7.25 pm
PAA/PAH 50+ 10 g/m? 0.1+0.005 mm 8.75 um
C 50+ 10 g/m? 0.1+0.005 mm 7.20 pm
1DS 50+ 10 g/m? 0.1+0.005 mm 9.41 pm
2DS 50+ 10 g/m? 0.1+0.005 mm 7.05 pm
12GF 50+ 10 g/m? 0.1+0.005 mm 7.10 pm
IDF 50+ 10 g/m? 0.1+0.005 mm 5.30 pm
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max magnification of 1.0 X. The ImagelJ program was used
to measure the contact angles. A climatic room was used
to obtain near-equilibrium absorption isotherms. A hygro-
expansion test was, therefore, performed at the constant tem-
perature of 25 °C to determine both dimensional changes
and moisture contents of each sample as a function of differ-
ent relative humidity investigated. Each sample was placed
in the climatic room and had an average starting weight of
50+ 10 g/m? and a thickness of 0.1 +0.005 mm. The hygro-
expansion process started with 0% relative humidity (RH)
and ended with 80% relative humidity (RH). Every 10%
increase in relative humidity during 24 h, the moisture con-
tent and dimensional movement of each sample were moni-
tored and the results stored.

2.5 General assumptions

Absorption of a liquid droplet in a porous substrate is often
described as a surface tension driven flow or wicking pro-
cess. When an untreated, i.e., hydrophilic, paper comes into
contact with liquid water, there is a rapid capillary absorp-
tion. In an ideal uniform capillary of length /, radius r and
contact angle between the penetrating liquid and solid 6, the
time to fill the capillary with a liquid (dynamic viscosity u,
surface tension y) can be described by the integrated form
of the Lucas—Washburn equation:

I = (ry cos01/2u)'/>. 1)

To evaluate the time dependency of the liquid penetration
in the solid according to Eq. (1), Eq. (2) can be used:

1= ki'/2, 2)

A plot of [ against t'/? is approximately a straight line
with slope of \/< Iy 0080 ) V W;Zw) is a measure of the

2u

penetrating power of a liquid in a solid, namely the coeffi-
cient of penetrance of the liquid. The Lucas—Washburn equa-
tion is based on the assumptions that all the capillaries have
the same diameter. The capillaries do not connect to each
other, and their length must be greater than their diameter.
This equation describes the vertical absorption of a liquid
into a relatively thick sheet. It does not account for any
swelling of fibers or any other change in the porous structure
of the substrate (i.e., paper). Absorption equilibrium is
obtained when the number of molecules arriving on the sur-
face is equal to the number of molecules leaving the
surface.

The Guggenheim—Anderson—de Boer (GAB) model was
developed independently by Guggenheim [1966], Anderson
[2] and de Boer [12]. This model is based on the absorption
theory of water on the surface of solids developed by BET
[8]. The multi-parametric GAB model has been widely used
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for the approximation of experimental data [49]. Equation (3)
describes the GAB model:

U= mk - C+- RH

T —k-RHY(1—k-RH+k-C - RH) G)
C = DeHn—H)/RT 4)
k = BeHe=H)/RT )

where u is the fractional moisture content % at equilibrium;
m, monolayer moisture content, i.e., concentration of pri-
mary active surface sites; C, kinetic constant related to the
sorption in the first layer; &, kinetic constant related to multi-
layer sorption, i.e., factor correcting properties of multilayer
with respect to bulk liquid; RH, relative humidity; H,,, H,
and H_ molar sorption enthalpies of the monolayer, multi-
layer and heat of condensation of water, respectively; R, gas
constant %;T, absolute temperature; and D and B, entropic
accommodation factors.
Equation (5) can be also rewritten as:

RH

— = aRH* + fRH + y (6)
where
k(1
L)
1 2
a”=a<1—6) (8)
1
"=k ©)

The GAB model is, therefore, a three-parameter model,
with equilibrium moisture content that can be regressed using
Eq. (6) by the three coefficients a’, a” and a’”’. Once evaluated
the coefficients, the values of the parameter, m, k and C can be
calculated accordingly.

Stability of a paper ¢ is often quantified through hygro-
expansion in tests that involve humidity changes:

Al
£=—. (10)
l
It is often related to the change in moisture content (AMC)

or relative humidity (ARH) as a hygro-expansion coefficient:

13

P = XMCoraRH (1D
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Fig. 1 Contact angle as a function of time for a water droplet with an
initial size 30 pL for treated and untreated samples

3 Results and discussion

Figure 1 shows the trend of the contact angle between a
water droplet and the cellulose-based papers before and after
the different chemical treatments. The samples treated with
1DF and PAA/PAH show values of the contact angles with
time always higher than 60°. The samples 1DF or PAA/PAH
exhibit the highest contact angle both at the beginning and
at the end of the test. This result is probably attributed to
a reduction in the content of hydroxyl groups and a sig-
nificant increase in cross-linking of the paper sheets caused
by the chemical treatment with the additives, that is, the
hydrophobic fluoroalkyl-functional oligosiloxane (1DF) and
the PAA/PAH multilayer. Conversely, the samples 2S8 (the
silicone-based resin), 2DS and 2DF show the lowest contact
angles (always lower than 45 °C), and after a short time
range (i.e., <0.1 s), the contact angles approach ~30°, the
same value found on the as-is cellulose-based paper. The
lowest contact angles found for the samples 2DS and 2DF
can be probably ascribed to the lower additive concentra-
tions used during the fiber treatment. The lowest angle found
for the sample 2S8 can be, instead, ascribed to the presence
of hydroxyl functionality on the hybrid resin, which makes
it quite hydrophilic.

Isothermal water vapor absorption experiments were per-
formed to test the mechanisms behind the dynamic absorp-
tion of water in samples 0.1 mm thick, when they are submit-
ted to broad changes in relative humidity (RH). The results
were estimated as weight change, thus allowing to meas-
ure the moisture content (MC) of the samples. This type
of investigation is also called step-response analysis. The
differences in sorption properties between the different sam-
ples investigated can be illustrated by the sorption isotherms
shown in Fig. 2. The weight of the samples was registered
every 24 h under temperature control and the step-by-step

— 2DF
— 288
—— PAAPAH

Cc
—1DS
—2DS 7
12GF
1DF

2 | ) |
0 10% 20% 30% 40% 50% 60% 70% 80%

Relative Humidity (%)

Moisture Content Change (%)

Fig.2 Sorption in isothermal conditions for treated and untreated
paper sheets

change in relative humidity. The temperature was 25°C and
the relative humidity varied from 0 to 80% RH during the
experimental tests. The results of the step-response analysis
were partly given as gravimetric moisture content and, then,
normalized as non-dimensional moisture content of the sam-
ple 0 <u < 10%, as determined by Eq. (12):
m; —my

w= Ty (12)
where m, is the moisture content at time ¢ and m,, is the
moisture content at t=0. Observing the experimental data of
the sorption isotherms reported in Fig. 2, the water content
is, as expected, related to the relative humidity according to
a sigmoidal relationship according to the classification by
Brauner [6]. This type of absorption isotherms matches well
with the GAB model. GAB model is based on three mecha-
nisms of absorption [1], that is, (1) monomolecular absorp-
tion; (2) multilayer absorption with the heat of absorption
greater than the vapor heat of condensation; and (3) multi-
layer absorption with the heat of absorption equal to or less
than the vapor heat of condensation. Moisture absorption
isotherms for all the investigated samples at 25 °C are shown
in Fig. 3. The fitting by the GAB models for the 2DF sample
according to Eq. (9) is also highlighted:

_ m-k-C-RH
(1—k -RHY(1—k - RH+k - C - RH)'

u 13)

Moisture has a significant effect on the physical proper-
ties of paper sheets leading to dimensional changes. There
are two mechanisms that control the interaction of moisture
with paper, when relative humidity changes [27]. The first
mechanism is the equilibrium sorption capacity of a paper
sheet described by the moisture sorption isotherm [26]. This
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Fig. 3 Moisture sorption behavior and fitting by the GAB model

obviously determines the ultimate moisture content of the
paper sheets as well as their limited response to a change in
humidity, when transport resistance is negligible. The sec-
ond mechanism is the nature of transport resistance of the
paper sheets [37]. Transport resistance can be characterized
by the transport of moisture through the paper sheet under
steady-state conditions. The interaction between these two
mechanisms gives the transient response of paper sheets
under changing humidity conditions. The equilibrium of
moisture absorption behavior of paper is like that of other
cellulosic materials. Since the cellulose material is hygro-
scopic and porous, in view of this high hygroscopicity, the
paper can absorb water vapor from the environment, which
can cause the loss of its original properties. On the other
hand, due to the heterogeneity of porous material, moisture
diffusion can occur via two pathways [39]: the void spaces
and the fiber matrix. Since the void structure in paper and
the fiber matrix are anisotropic, diffusion is also anisotropic.
Therefore, the definition of lateral diffusion in the plane of
the paper sheets (xy) and transversal diffusion in the thick-
ness direction (z) is perfectly in accordance with the GAB
equation. Figure 4 reports the SEM images of the different
samples herein investigated. Due to the typical sheet pro-
duction process, fibers are mostly aligned in the machine
direction (MD). The expansion of single fibers is notoriously
higher in the transverse direction than in the longitudinal
direction. The expansion of paper in cross direction (CD)
is, therefore, up to seven times higher than in the machine
direction (MD), as reported in Figueiredo et al. [16]. In the
present papermaking process, there is no orientation, namely
the fiber orientation is in-plane isotropic. Under this cir-
cumstance, the sheet hygro-expansion can be expected to
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correlate with the transverse fiber expansion in both direc-
tions [40]. It is possible to notice, in fact, the random and
anisotropic distribution of the fibers before and after the
treatments for all the samples, regardless of the chemical
additives involved in the experimental tests or their con-
centration in the mixture. In addition, the cellulose fibers
involved in the preparation of the samples were always the
same (243 g of short fiber combined with 27 g of long fiber).
However, the relation between hygro-expansion and fiber
length, width and wall thickness is generally controversial as
summarized in Lindner [32]. Fibers curl (ratio between the
fiber contour length and the longest dimension of the fiber)
and shape factor (ratio between the longest dimension of the
fiber and fiber contour length) also can play a certain role,
as they influence significantly the inter-fibers contact [3].
In this case, the samples were manufactured using the same
papermaking process, using the same fibers. For this reason,
no differences in hygro-expansion, apart from the different
additive used to modify the fibers, are expected from the
fibers type or by the production process. Density and fiber
content are seen to be almost the same in Fig. 4. The only
differences between the samples investigated can, therefore,
reside in the type of inter-fiber contacts and fiber porosities
that are obviously affected by the chemical treatments of the
fibers themselves.

The GAB parameters for all the investigated samples, the
coefficient of determination R? and the root-mean-square-
error (RMSE) are given in Table 2. In general, the GAB
model fits the experimental isotherm data with a great deal
of accuracy. In the present experiments, the values of GAB
parameters (m, the monolayer capacity, i.e., concentration of
primary active surface sites; C, the kinetic constant related to
the absorption in the first layer; &, the kinetic constant related
to multilayer absorption) are in the range of 3—4 for m, 1.3
for C and 0.8-0.9 for k. Compared to untreated samples,
the values of m decreased after chemical treatments of the
fiber networks, except for the 2DF and 2S8 treatments. The
reduction in the monolayer capacity (i.e., of the m value)
of most of the treated samples is consistent with the reduc-
tion in the hydrophilic character of the treated surface after
chemical modifications, especially for the samples 1DF, 1DS
and 12GF. In PAA/PAH, 1DF, 1DS and 12GF samples, the
parameters of the GAB model C, related to the kinetic con-
stant of the sorption in the first layer, and k, related to the
kinetic constant of the multilayer absorption, were decid-
edly small. The analysis of these constants indicates that
the modification of the cellulose by the selected chemical
treatments leads to a significant decrease in the formation of
hydrogen bond in the first layer and in the multilayer struc-
ture of these samples, slowing water sorption. This result
might be attributed to the pore orientation and to the lack
of hydrophilic sites at the fiber surface after the chemical
treatments. In contrast, the increase in the parameter m in
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Fig.4 SEM micrographs show-
ing the cellulose fibers before
and after treatments
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Table 2 GAB parameters obtained from sorption isotherms at 25 °C

Sample c k m R-square
2DF 2.282 0.8510 3.621 0.9986
2S8 2.689 0.8522 3.712 0.9935
PAA/PAH 1.711 0.8420 3.579 0.9933
C 2.154 0.8482 3.615 0.9970
1DS 1.997 0.8420 3.568 0.9950
2DS 2.450 0.8432 3.581 0.9959
12GF 2.057 0.8425 3.550 0.9983
IDF 2.011 0.8410 3.540 0.9923

the samples C, 2DF, 2S8 and 2DS can be explained by the
presence of hydroxyl units that make the samples hydro-
philic, since their hydrogen active group can interact with
the moisture through the onset of hydrogen bonds. The iso-
thermal absorption tests also show that the moisture content
for the samples 1DF, 12GF, 1DS and PAA/PAH, calculated
at 80% relative humidity (25 °C) using the GAB equation,
was 8.76, 8.77, 8.84 and 9% of water grams per grams of
dry solid, respectively. The increase in monolayer capac-
ity of these samples, that is, in the value of parameter m,
can be associated with the increase in moisture content at
80% relative humidity. The steady-state moisture diffusion
through paper can be explained, in this case, as a combined
process between the water vapor diffusion through the fiber
pores and bound water diffusion through the fiber walls [39].
Different pore characteristics can be inferred for open-pore
structures in lateral and transverse direction after treatment
of cellulose fibers with the different chemical agents herein
investigated. The transverse pore size distribution can be
broader than in other directions, thus favoring the aniso-
tropic diffusion in paper in agreement with the results of
Topgard and Soderman [46]. Therefore, the flow in the trans-
verse direction encounters a pore structure that should be
much more open than in the lateral direction. The low value
of the parameter m, that is, of the monolayer capacity, for the
samples 1DF, 12GF, 1DS and PAA/PAH compared to other
samples might be explained by the low rate of diffusion in
the transverse direction for these samples. Surface diffusion
was thought to dominate only after the fiber surface was
covered with a monolayer of absorbed molecules. The mol-
ecules constituting the monolayer are thought to be chemi-
cally bound and cannot diffuse easily. This would explain
why the exchange between water vapor in the paper pores
and bound water in the fiber surface is much faster than the
moisture diffusion in the thickness direction. Accordingly,
the low value of k for all the samples shows that the kinetic
constant related to multilayer absorption is smaller than the
kinetic constant related to the absorption in the first layer C.

Figure 5 shows the trend of relative humidity with testing
time and moisture content for all the investigated samples,
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Fig.5 Trend of relative humidity with testing time and moisture con-
tent

when submitted to a change in relative humidity from 0 to
80% RH. With HR around 10% and after 24 h, the moisture
content of the samples 2DS, 2DF, 258 and of the untreated
sample C increased the most. After the increase in HR to
40%, the 2DS, 2DF and 2S8 samples showed further signifi-
cant increase in moisture content. Fiber modification using
1DF and 1DS leads to slower increase in moisture content,
which agrees with the kinetic constant k of the multilayer
absorption in the GAB model. These values were 0.8410 and
0.820% g water/g dry solid, respectively. When the samples
were in equilibrium at 80% RH, the 2DF, 2S8, C and 2DS
showed the highest moisture content. These results are in
agreement with Singha and Rana [41], where a reduction
in moisture uptake and a reduction in paper sheet swelling
were observed by fiber modification with organic, preva-
lently hydrophobic, constituents. Table 3 displays the fit of
the GAB model with the experimental data. The samples
2DF, 2DS, 258 and the untreated sample C have, as a com-
mon effect, to noticeably increase the water vapor absorp-
tion in the fibers in the whole relative humidity range, in

Table 3 Dimensional change (¢), change in moisture content (AMC)
and hygro-expansion coefficient ()

Sample Expansion (%) Change in mois- Hygro-expansion
ture content (%)  coefficient (%/%)

2DF 0.6691 7.3366 0.0912

2S8 0.6791 7.3671 0.0921

PAA/PAH  0.6386 7.1047 0.0898

C 0.6632 7.3146 0.0906

1DS 0.5876 6.9208 0.0849

2DS 0.6594 7.2925 0.0904

12GF 0.5436 6.7602 0.0804

IDF 0.5437 6.6305 0.0820

Values are taken in sorption tests from 30 to 80% RH
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accordance with the constant values of the GAB model. The
capacity of the monolayer m, the kinetics of absorption in
the first layer C and the kinetic constant related to multilayer
sorption k were considerably higher for these samples. This
effect has been partly attributed to the appearance of a frac-
tion of the hydrophilic sites at the fiber surface and, possibly,
at the transverse and lateral direction of the water diffusion
because of the chemical treatments in agreement with Gupta
and Chatterjee [23, 24]. The analysis of water vapor absorp-
tion kinetics of untreated and treated samples indicates,
therefore, that: (1) the variation of the water vapor diffusion
coefficient versus relative humidity complies with the GAB
model hypothesis; (2) water vapor is probably more mobile
in the first layer compared to multilayer absorption for all
samples; (3) the diffusivity of moisture clearly decreased
due to the different chemical treatments, as occurred for the
samples 1DF, 1DS and 12GF, because of the disappearance
of a fraction of the hydrophilic sites and bound water.

The dimensional stability was measured on the treated
and untreated samples by exposing them to humidity cycles
between 30 and 80% RH. The dimensional change (moisture
content at 80% RH — moisture content at 30% RH) reported
in Fig. 6 was calculated to achieve the hygro-expansion
coefficient p described in Eq. (7) and is shown in Table 3.
The hygro-expansion coefficient in the samples 1DF, 1DS
and 12GF was lower than in untreated C and 2S8 treated
samples, together with those treated by chemical agents at
lower concentration (2DS and 2DF samples). This coeffi-
cient for the PAA/PAH sample was higher than for the 1DF,
1DS and 12GF samples, but less than for the other sam-
ples. As previously seen, there is a significant inter-fiber
contact area in the 1DF, 1DS, 12GF and PAA/PAH sam-
ples compared with the untreated sample and the samples
treated by chemical agents at lower concentration (2DS
and 2DF samples). No major differences in dimensional
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Fig.6 Trend of dimensional changes with relative humidity

changes were, instead, observed between the samples 2DF,
2DS, 2S8 and the untreated sample C, as shown in Table 3.
Therefore, increasing the adhesion properties between fib-
ers by the chemical treatment has a significant influence on
the dimensional stability of paper and, as a result, they can
show a lower expansion coefficient 3. These results are in
agreement with the aforementioned experimental findings
reported in Singha and Rana [41] as well as with results
about PEM reported in Larsson and Wagberg [29], where
the reduction in dimensional change was reduced after graft-
ing of the fibers with organic or hybrid organic—inorganic
constituents or after LbL deposition with polyelectrolytes. It
can be concluded that, in agreement with the recent findings
in Lindner [32], the inter-fiber contact significantly affects
the paper sheet hygro-expansion coefficient. Figure 7 shows
the trend of the dimensional change as a function of moisture
content for the samples exposed to variable relative humid-
ity from 30 to 80%. At 40% RH, the moisture content of
the 2DF, 2S8, C and 2DS samples was higher than those
of other samples, with the difference that 2DS also showed
higher-dimensional changes. The samples PAA/PAH, 1DF,
12GF and 1DS exhibited, instead, lower moisture content
and dimensional change, but the dimensional change in the
sample 1DS was higher compared to the others. With the
increase in relative humidity to 50%, the behavior of all the
samples did not change. This result indicates that the fibers
modified by PAA/PAH, 1DF and 12GF treatments had lower
water absorption capacity than other samples. The reason
can be the enhanced adhesion between the fibers (i.e., higher
inter-fiber contact) by the treatment. At approximately 60%
relative humidity, the dimensional change decreased rap-
idly in the 1DS and 1DF samples. The PAA/PAH and 12GF
samples showed lower moisture content with the increase
in dimensional change compared to 1DF and 1DS samples.
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Fig.7 Trend of hygro-expansion with moisture content. Values are
taken in sorption tests from 30 to 80% RH
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The samples 258 and 2DS reached a higher moisture con-
tent. The sample 2DF and the untreated sample C had a
higher-dimensional change than other samples. The mois-
ture content of these samples was significantly lower than
that of the 2S8 and 2DS samples. At 70% relative humidity,
the samples PAA/PAH and 1DS were characterized by a
significant increase in the dimensional change. For samples
12GF and 1DF, the dimensional change was lower than that
found for the PAA/PAH and 1DS samples. The moisture
content for these samples was nearly constant. The other
samples showed no differences between 60 and 70% RH.
Slow absorption or unexpected dimensional changes for
the investigated samples under different values of relative
humidity can be probably related to the different types of
amorphous and crystalline regions that characterize each
sample, external or internal fiber surfaces and direct or indi-
rect absorption as reported in Gupta and Chatterjee [23, 24].
Water vapor molecules are absorbed directly on the hydroxyl
groups of the external surface, amorphous regions, inner
surface of voids and crystallites of the samples. Additional
water vapor molecules can be absorbed in the water mol-
ecules binding the fiber directly. The direct absorption of
the water molecules into the external surface and amorphous
regions is generally considered to occur very fast, while the
indirect absorption in the inner surface and crystallites take
often place in a relatively slow fashion [34]. At 80% rela-
tive humidity, the samples 1DF and 12GF showed a lower
moisture content with lower-dimensional change. The sam-
ple 1DS also showed the same behavior, but the dimen-
sional change was even higher. For the sample PAA/PAH,
the dimensional change was also higher than those found
for 1DF, 12GF and 1DS. The samples 2S8, 2DF, C and 2DS
had a high level of moisture content and dimensional change.
During the absorption tests, as a matter of fact, all the sam-
ples exhibited unstable properties when the relative humidity
of the environment was progressively increased.

4 Conclusions

In the present work, untreated and chemically treated (i.e.,
fibers sized by the addition of silane, siloxane, silicone and
fiber sized by deposition of polyelectrolytes according to
layer-by-layer (LbL) technique) paper sheets were exposed
to cyclic step (relative humidity) RH changes in climatic
chamber under strictly controlled operating conditions.
The moisture sorption isotherms for untreated and chemi-
cally treated paper sheets at 25 °C were investigated and
interpreted in light of the multi-parametric GAB model.
Experimental data show that the chemical treatments of
paper sheets result in an often significant reduction in
the water absorption in the fibers and in the correspond-
ing dimensional change, with this result being mostly

@ Springer

ascribable to the modification between the inter-fiber
contacts. The results follow the GAB model with good
accuracy. They indicate that a decrease in the hydrophilic
sites at the fiber surface, as occurred for the samples 1DF,
1DS, 12GF and PAA/PAH, leads to a significant decrease
in the hygro-expansion coefficient and, accordingly, in the
reduction in monolayer capacity and in the kinetic con-
stants relating to the first and multilayer absorption sites.
In addition, the chemical treatment effects were stronger
for the samples 1DF, 1DS, 12GF and PAA/PAH than for
the others due to their higher inter-fiber contacts and adhe-
sion that made the fiber network decidedly more stable.
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