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Abstract

The effects of various cellulose treatments on the hydrophobic properties and sorption behavior with respect to liquid
water uptake and water vapor sorption were examined within the study. Different hydrophobic agents based on silicon
compounds were applied to improve the properties of cellulose-based sheets. The 1H,1H,2H,2H perfluorooctyltriethoxysi-
lane treatment increased hydrophobicity significantly, while N-octyltriethoxysilane and inorganic sodium silicate solution
treatments only slightly affected the properties. Silicone-cellulose interaction varied, influencing the fiber saturation and
moisture content of the material. The swelling differences between untreated and treated cellulose and, consequently, the
uncovering of new active sorption sites during a swelling process and the increase in the content of bound water were
confirmed by the T2 relaxation times analysis. The GDW sorption model estimated maximum water content but lacked
activation dynamics. The blocking phenomenon of active sorption sites together with silicone improved hydrophobicity
had different mechanisms for applied agents. The 1H,1H,2H,2H perfluorooctyltriethoxysilane additionally cross-linked

silane structure and restricted cellulose swelling.

1 Introduction

An essential feature of cellulose fibers, resulting from their
chemical properties and capillary-porous structure, is their
affinity to water (Siau 1984). In industrial applications, this
feature is not advantageous. Hydrophilic hydroxyl groups of
cellobiose, the fundamental component of cellulose fibers,
have a high ability to interact with liquid water and water
vapor contained in moist air. The effect of gaining water
by cellulose fibers is their swelling, and due to the formed
structure containing water bridges, it is also responsible for
lower strength properties (Froix and Nelson 1975; Young
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1994). In order to reduce these processes, substances should
be introduced into the cellulose fibers that will create a ste-
ric hindrance effect around the hydroxyl groups, thus limit-
ing or preventing the interaction of water with cellulose or
the hydroxyl groups of cellulose. Hydroxyl groups could be
substituted with functional groups that do not interact with
water molecules, e.g., acetylation or silylation (Kalia et al.
2014; Siuda et al. 2019; Aziz et al. 2022; Rodriguez-Fabia
et al. 2022).

In recent years, cellulose coated with silicone com-
pounds, including organosilanes, has been widely used
on an industrial scale, including the paper and packaging
industry. Silicon compounds are commonly applied for
hydrophobic packaging, e.g., packaging dedicated to food or
electronics (Kregiel 2014; Bashir et al. 2018; Mazela et al.
2022). However, it should be emphasized that most reports,
industrial solutions, and literature data focus on the interac-
tion between liquid water and cellulosic materials (Samyn
2013; Song and Rojas 2013). Only few reports concern
water vapor sorption into cellulose or paper. Nowak et al.
(2022) and Perdoch et al. (2023) revealed that organosilicon
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compounds modifying starch significantly affected the
hydrophobic properties of cellulose sheets and did not
change their hygroscopic properties. Camargo and Garcia
(2011) studied the adsorption and desorption isotherms as
well as sorption hysteresis of composites of regenerated cel-
lulose (cellulose II) and SiO,. The decrease in hygroscopic
properties was found only for one of the tested options, i.e.,
containing 20% of Si0O,. It was also observed that adding
silica promoted the sorption of the primary water compared
to the secondary water. Mohammadzadeh et al. (2020) ana-
lyzed the hygroscopic properties of cellulose paper treated
with commercial products, including hydrophobic and oleo-
phobic agents. Moisture sorption isotherms for untreated
and chemically modified paper sheets were investigated
and analyzed in the light of the GAB model. The treatment
reduced the hygroscopicity and increased the dimensional
stability of the paper. Due to the unknown composition of
silane in commercial products, it was difficult to discuss
the effects of the chemical characteristic on treated materi-
als. The observations may support the phenomenon of the
barrier properties for water that organosilicon compounds
impart to cellulose fibers. At the same time, the results of
the presented analyses (Mohammadzadeh et al. 2020) show
that there is no substitution or blocking of active sorption
sites in the material, therefore the sorption of water vapor
was not limited.

Water vapor sorption significantly affects cellulose fibers
(Stevanic and Salmén 2020) and paper (Fellers 2007) prop-
erties. Adsorption processes are responsible among others
for paper hygroexpansion and its dimensional stability. The
strength properties of paper are significantly affected by
water vapor sorption, while cyclic changes in the air rela-
tive humidity cause mechanosorptive creep. The majority
of the literature data concerns cellulose-water interaction
through silicone treatments (Qu and He 2013; Ganicz et al.
2020; El-Sabour et al. 2021; Nowak et al. 2022). It is easily
recognized that only a few papers presented the cellulose
fibers, cellulose pulp, and main products made by cellulose
as a topic in the context of both hygroscopic and hydro-
phobic properties. The increase of the moisture content of
a paper product by 1% causes a decrease in the box crush
test, i.e. the primary indicator determining the strength of
the packaging, by 7-10% (Mark et al. 2002; Frank 2014).
Water vapor sorption and its influence on decreased strength
can disqualify cellulose in its native form as a material for
making ecological products for the catering industry, such
as plates and packaging for fast-food products with a high
fat or water content. The above-described applications are
critical at present, given the strong trends, also sanctioned
by the regulations according to the European Union, aim-
ing to eliminate plastics, particularly in single-use products
(plates, drinking straws, “food-to-go” packaging). Some of
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these types of products are already included in the Directive
of the European Parliament EU 2019/904 June 5, 2019 on
the reduction of the impact of certain plastic products on the
environment. Due to the research gap described above, the
objective of the present study was to identify and discuss the
mechanism responsible for changing the hygroscopic and
hydrophobic properties of cellulose protected with selected
silicon compounds. The scope of the study included the bulk
treatment of cellulose with silicon compounds, producing
model paper sheets from cellulose, and then determining sil-
icone retention by the elemental analysis. The most crucial
element of the work was the empirical study of the interac-
tions between modified cellulose and water applied in its
liquid form and as water vapor in moist air.

2 Materials and methods
2.1 Materials

Bleached softwood Kraft fibers (S6dra Black R, commer-
cial form) with the following average dimensions: length
—2100 pm, and width —30.0 pm were used as the raw mate-
rial. The fibers were also characterized by the coarseness
of 135 ng/m, pH=4.8, ash content of 0.25%, and bright-
ness of 89.5%. Two types of organosilicon hydrophobic
agents, i.e., N-octyltriethoxysilane (NTES) (CAS 2943-
75-1, Daw), 1H,1H,2H,2H-Perfluorooctyltriethoxysilane
(PFOES) (CAS 51851-37-7, Sigma-Aldrich), and inorganic
sodium silicate solution (SiO,) (CAS 1344-09-8, PPH Stan-
dard) were used as hydrophobic agents.

2.2 Cellulose sheets production

Cellulose was firstly immersed in deionized water for 24 h
for better defibrillation during cellulose sheets production. A
lubricity of diluted suspension of pulp was measured by the
Schopper-Riegler apparatus (Labormex, Poland) according
to ISO 5267 (2002). The lubricity of the pulp suspension
in water in terms of the Schopper-Riegler (SR) number
was 14+0.8. The Rapid-K&then sheet former (Labormex,
Poland) was applied to prepare paper sheets with a diameter
0f200+ 0.1 mm and an average thickness of 0.5 +0.02 mm.
The hydrophobic agents were added during the sheet pro-
duction according to the compositions presented in Table 1.

2.3 Inductively coupled plasma optical emission
spectrometry (ICP-OES) for element analysis

The produced untreated and treated cellulose samples
were cut into small particles. Four particles were ran-
domly selected from each tested material and digested
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Table 1 Treatment description and their mass ratio

Sam- Description Compositions  Massratio ~ Grammage

ple of treatments between of cellulose

code components  (g/m?)

C Control Cellulose - 308.4+3.2

N NTES NTES / 1:1 304.7+4.3
cellulose

Si0, SiO, SiO, / cellulose  1:1 305.6+3.5

PF10 PFOES PFOES / 1:1 323.6+10.4
cellulose

PF20 PFOES PFOES / 2:1 321.5+£59
cellulose

PF40 PFOES PFOES / 4:1 310.5+5.1
cellulose

at the temperature of 240 °C using nitric acid. The iCAP
6000 Series ICP Emission Spectrometer with “dual view of
plasma” (Thermo Scientific, USA) was used for the element
analysis. The liquid substrates (i.e., NTES and PFOES)
were diluted because of the high silicon (Si) concentration.
The PFOES was diluted with water and nitric acid in the
ratio of 1:100, while the NTES was diluted with ethanol in
the ratio of 1:10 and next with water and nitric acid in the
ratio of 1:100.

2.4 Low-field nuclear magnetic resonance (LFNMR)
analysis

The LFNMR measurements were performed with a mq20
minispec relaxometer with a 0.47 T permanent magnet
(Bruker, Billerica, MA, USA). The first set of the samples
for the LFNMR analysis was firstly fully saturated with
liquid water, and its excess was removed from the sample
surfaces with wet cloth. Another set of samples was equili-
brated over the saturated salt solutions in order to obtain
moisture content levels of ca. 5, 7, and 12% at 40 °C. Such
prepared samples were placed in pre-weighed glass tubes
and a Teflon rod was inserted to limit water evaporation
from the samples. The probe region of the relaxometer was
stabilized at 40 °C. The CPMG (Carr-Purcell-Meiboom-
Gill) pulse sequence was used to measure the spin-spin
relaxation time (7,) with the pulse separation (z) of 0.1 ms,
32 000 echoes, gain 73 dB, 16 scans, and a recycle delay of
5's. The CPMG decay curves were analyzed by the discrete
multi-exponential fitting (Pedersen et al. 2002) in MATLAB
(MATLAB R2015a, MathWorks, Inc., Natick, MA, USA)
and continuous non-negative least squares (NNLS) fitting
was applied (Whittall et al. 1991; Lawson and Hanson
1995) using PROSPA 3.2 (Magritek, Aachen, Germany).
The NNLS fitting in PROSPA provided continuous distri-
butions of 7, values. The range for these values was set to
0.9-2600 ms, and 200 data points were determined.

The fiber saturation point (FSP) estimation method was
adapted from Telkki et al. (2013). Fully saturated (vacuum

method) samples of untreated and treated cellulose were
weighed, and then subjected to the LFNMR analysis. After
the analysis, the samples were dried to the constant mass
(24 h, 103 °C). The decay signal from the LFNMR mea-
surements was transformed into a continuous distribution
of exponentials. The integral of a peak in the relaxation
time distribution corresponds to the number of nuclei in that
environment (Forshult 2004). The peak with the relaxation
time 7, of ca. 100 ms can be attributed to free water, and its
area is proportional to free water content in a fully saturated
cellulose sample. The difference between the maximum
moisture content determined with the gravimetric method
and the free water content estimated from the peak area
gives the estimated value of the FSP.

2.5 Water contact angle determination

The water contact angle (WCA) measurements were made
in order to determine the hydrophobicity of cellulose sheets
both untreated and treated with silicon hydrophobic agents.
The sessile droplet contact angle was measured with a Kruss
contact angle measuring device (Kruss, Germany) at tem-
perature of 20 °C, and air relative humidity of 50%. A water
droplet of volume of 1.6 pL was deposited on a sample
surface, and a picture of the droplet was taken within 5 s.
Then, the pictures were taken every 30 s, and the procedure
was repeated ten times. The measurement procedure was
repeated five times for each sample.

2.6 Sorption experiments

The studied materials were characterized by low density
and relatively high inhomogeneity. Therefore, the sorp-
tion experiments were made for sets of samples of dimen-
sions of 0.5 - 50 - 30 mm. The size and number of samples
resulted from the error analysis based on the total differen-
tial method, e.g. Taylor (1997). Each set of samples corre-
sponded to the individual treatment options of the material.
The set-up applied for the sorption experiments consisted of
two chambers. The inner chamber was enclosed by the outer
one for stabilizing air parameters during the sorption experi-
ments. The salt solutions were used for air relative humidity
control in the set-up, and the solutions were successively
exchanged during sorption experiments (KNO;; KCI; NaCl;
NaBr; K,CO;; CaCl,-6H,0; CH;COOK; LiCl; P,Oq).
Before placing the samples in the inner chamber with forced
airflow and starting the sorption experiments, the procedure
of approaching the dry state was applied, i.e. all samples
were stored for 3 weeks in closed containers over phospho-
rus pentoxide. The air temperature during the experiments
was equal to 22+ 1°C for both adsorption and desorption
modes. An electronic thermohygrometer (LB 706, LAB EL,
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Fig. 1 Scheme of the set-up for sorption experiments: a equilibra-
tion phase, b weighing of equilibrated samples. 1—samples, 2—bal-
ance, 3—container with salt solution, 4—thermohygrometer, 5—heat
source, 6—fan, 7—ducts of air circulation, 8—inner chamber, 9—
outer chamber with thermal insulation)

Table 2 Salt solutions applied in sorption experiments and air relative
humidity values at the temperature of 22+ 1 °C

Salt solution Relative humidity (—)

Adsorption Desorption
Potassium nitrate (KNO;) 0.954 0.951
Potassium chloride (KCI) 0.899 0.886
Sodium chloride (NaCl) 0.778 0.791
Sodium bromide (NaBr) 0.600 0.621
Potassium carbonate (K,CO;) 0.451 0.463
Calcium chloride (CaCl,-6H,0) 0.324 0.382
Potassium acetate (CH;COOK) 0.246 0.303
Lithium chloride (LiCl) 0.115 0.116
Phosphorus pentoxide (P,O5) 0.041 0.041
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Poland) was used to measure the temperature and relative
humidity to control the stability of air parameters during the
sorption experiments. The samples were weighed at least
5 times at each air relative humidity level. The set-up for
the sorption experiments is schematically depicted in Fig. 1.
The detailed information on air relative humidity values
obtained for the adsorption and desorption modes are given
in Table 2, and the values are consistent with data presented
by Majka et al. (2023). After finishing the adsorption and
desorption modes, all samples were put in a laboratory oven
at a temperature of 103°C to obtain their oven-dry mass.
Each equilibrium moisture content value was calculated as
the average of 5 observations for each set of samples.

2.7 Sorption isotherms modeling

The sorption isotherms were modeled with two different
equations which were separately fitted to all options of
untreated and treated cellulose sheets. The Levenberg-Mar-
quardt algorithm implemented in SigmaPlot 9.0 software
was used to estimate the best fit of the models.

The three-parameter GAB model was used in the follow-
ing form, e.g. Timmermann (2003)

EMC
Kgap - Cgap - RH (N
(1= Kgap-RH)- (1 — Kgap- RH + Cgap - Kgap - RH)

= My,

where EMC; kg/kg—equilibrium moisture content, RH—
air relative humidity, M,,; kg/kg—monolayer capacity,
Cg4p—equilibrium constant related to the monolayer sorp-
tion, K g—equilibrium constant related to the multilayer
sorption.

The four-parameter GDW equation assumes the exis-
tence of the primary sorption sites, which can adsorb only
one water molecule, which can be converted into secondary
sorption site and/or sites, e.g. Furmaniak et al. (2007). The
mathematical structure of the model was

mgap - Kaap- RH 1 — Kgpw - (1 —w) - RH

EMC =
(1— Kgap- RH) (1 - Kepw - RH) @)

where EMC; kg/kg—equilibrium moisture content, RH—
air relative humidity, m ;3 kg/kg—monolayer water con-
tent (the maximum content of water bound to the primary
sites), K;py—XKkinetic constant related to sorption on the
primary sites, kg, ;—kinetic constant related to sorption on
the secondary sites, w—ratio of water molecules bound to
the primary sites and converted into the secondary sites. The
GDW model assumes the following scenarios of the sec-
ondary water sorption: (a) w< l—water molecules bound
on the primary sites are not completely converted into the
secondary sorption sites, (b) w=1—each primary water
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molecule is converted into one secondary sorption site, (c)
w> l—each primary water molecule is statistically con-
verted into more than one secondary sorption site, and the
higher w values are obtained, the more intensive process of
water cluster formation occurs.

3 Results
3.1 Element analysis

The concentration of individual elements located in treated
and untreated cellulose was used to evaluate the retention
of hydrophobic agents in the studied materials (Table 3).
The applied bleached softwood Kraft fibers contained sig-
nificantly higher amounts of Ba, Ca, Mg, Na, S, and Sr as
compared to the cellulose treated with silicone hydropho-
bic agents. Those elements came from a production process
of cellulose fibers and were easily leached in the presence
of silicone compounds due to changing the chemical envi-
ronment. In nature, toxic strontium is present mainly in the
form of calcium minerals (Capo and Chadwick 1999). The
higher strontium concentration in the untreated cellulose
and cellulose treated with SiO, was directly related to the
higher content of calcium compounds. Non-organic silicone
additive (SiO,) increased the concentration of Al, Ca, and
Mg in treated cellulose. The most probable reason for the
high concentration of those elements was their high concen-
tration in SiO, and the influence of silica oxide for agglom-
eration of the above elements. According to the literature
data (Cunha and Gandini 2010; Samyn 2013; Song and
Rojas 2013), the critical impact of hydrophobic and hygro-
scopic properties of paper can be altered by silicones. The
silicone concentration in cellulose treated with hydrophobic
agents was 3 times higher than in untreated polysaccha-
rides. Independently of the value of the PFOES addition as a
hydrophobic agent, the average retention of silicones (silica
concentration) was similar and was above 300 mg/kg of the
dry mass of treated cellulose. It was found that the silicones
in treated cellulose were agglomerated locally, and the con-
centration was much higher than average (over 1400 mg/
kg). The uncertainty of the measurements was less than
10%, with the 95% confidence limit, for values greater than
four times of the detection limit. The results for treated and
untreated cellulose were given in mg/kg (Table 3), while the
results for liquid substances were expressed in mg/L. The
element concentration, which was lower than the limit of
detection, was presented as a limit of detection (LOD). The
silicon concentration in NTES and PFOES were 2640 mg/L
and 2060 mg/L, respectively.

3.2 Water-cellulose interaction analyzed by LFNMR

The results of the moisture content of untreated and treated
cellulose, as conditioned over the saturated salt solutions
prior to the LFNMR analysis, are depicted in Table 4. The
untreated samples and samples treated with NTES and SiO,
were characterized by higher moisture content than those
treated with PFOES. These results correspond to the spin-
spin relaxation data presented in Fig. 2a. The identification
and assignment of the observed peaks within the obtained
LFNMR spectra were based on the approach presented by
e.g., Felby et al. (2008) and Selig et al. (2013). The peaks
observed below 1 ms of the spin-spin relaxation time (7)
come from bound water. It was found that for cellulose
treated with hydrophobic agents, such peaks were identi-
fied (Fig. 2a). The T, relaxation time in untreated cellulose
and cellulose treated with a high concentration of PFOES
(PF40) was slightly longer. In both cases, moisture content
was higher than 5.5%, and it was a reason that the second
weak peak of around T, equal to 1 ms was observed. These
observations are comparable to the principle described in
the literature (Felby et al. 2008) that at the moisture con-
tent level of 5%, only bound water is present in cellulose.
The weak peak observed for samples with moisture content
around 5.5% (Fig. 2a) was much stronger when the moisture
content of samples was in a range of 6.5-7.5% (Fig. 2b).
The higher intensity of the peaks, around 1 ms, results from
the swelling of the cellulose and, consequently, the uncover-
ing of new active sorption sites and the increase in the con-
tent of bound water. The slight differences in the intensity of
the peaks between the tested materials observed in Fig. 2b
most likely indicate a different swelling rate (change in
dimensional stability) resulting from the cellulose treatment
with silicon-based compounds. A moisture content increase
of treated and untreated cellulose by exposing it to moist air
over-saturated solution of ammonium phosphate (Table 4)
shifts the relaxation time peak to ca. 3 ms (Fig. 2c), which is
a characteristic signal that comes from the water contained
in the porous fibers of cellulose. In contrast to the obser-
vation reported by Felby et al. (2008), there were no two
separate peaks characterizing free and bound water, but a
broad peak covering signals from two subsystems of bound
water. The probable reason of the observed differences in
the present study and the data reported by Felby et al. (2008)
was the different porosity of treated and untreated cellulose.
Chang et al. (2018) analyzed that topic in detail, where the
authors described how water transport through the paper is
related to the characteristics of the internal pores of the cel-
lulose fibers.

The results of the LFNMR analysis of treated and
untreated cellulose, which was fully saturated with lig-
uid water, are presented graphically in Fig. 3. Three
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Table 4 Moisture content of cellulose samples conditioned over the
saturated salt solutions at 40 °C before the LFNMR analysis

Salt solution Potassium Magnesium  Ammonium
acetate nitrate sulfate

Sample code %

C 5.60+0.51 7.57+1.43 13.77+0.85
N 5.43+0.38 6.94+0.67 12.62+0.61
Sio, 4.29+0.30 7.85+1.05 13.58+2.93
PF10 4.74+£122 6.58+1.36 11.41+£0.62
PF20 4.59+047 6.06+0.47 11.25+0.94
PF40 5.65+0.29 7.19+0.68 11.37+0.86

SD, standard deviation; Mean (n =3) +standard deviation
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Fig. 2 Time domain of LFNMR of treated and untreated cellulose
conditioned above salt solutions: a potassium acetate; b magnesium
nitrate; ¢ ammonium sulfate at 40 °C

characteristic peaks can be observed in the regions of 3 ms,
10-30 ms, and 100 ms. The first two peaks can be related
to the bound water linked to cellulose, and the last one is
free water located between cellulose fibers (Fig. 2). The sig-
nificantly higher intensity of signals coming from the water
subsystem located in the spaces between the fibers can be
casily observed. Moreover, the intensity of the peak is sig-
nificantly reduced due to the applied treatment, e.g. PF 20
(Fig. 4). The calculation of the peak area located around the
relaxation time of 100 ms allows for assessing the FSP, by
subtracting the free water peak area from the total amount
of water. The unmodified cellulose samples (control mate-
rial) and fully saturated with liquid water were characterized
by the moisture content of 280% and the estimated FSP of
40.2 +1.6%. The moisture content of the cellulose treated
with SiO, and NTES and then fully saturated with water was
over 300%. In both cases, the calculated FSP significantly
exceeded the FSP value found for unmodified cellulose and
amounted to 47.2 +5.5% and 58.8 + 1.5%, respectively. The
cellulose treatment with PFOES significantly influences the
FSP value and reduces water gain. The moisture content
of the cellulose samples coded as PF10 was 236 +4.0%,
and the calculated FSP was 42%. The increase of PFOES
concentration during the cellulose treatment resulted in
a reduction of the FSP to 25-30% and a reduction of the
moisture content of the fully saturated material to ca. 200%.
However, no significant differences in silicon concentration
in the PFEOS treated cellulose were observed (ICP-OES
results, Table 3). The probable reason of the decrease in
the FSP was a different cross-linking of the organosilicon
hydrophobic agents in the cellulose. The comparison of the
maximum moisture content values correlated with the esti-
mated FSP is depicted in Fig. 4.

3.3 Water contact angle analysis

According to literature data (Abdelmouleh et al. 2002; Gan-
icz and Rozga-Wijas 2021), material surface with a contact
angle higher than 90° is recognized as a hydrophobic one.
The untreated cellulose samples and samples treated with
NTES or SiO, did not meet this criterion. Due to the rapid
penetration of the water drop into the material, it was impos-
sible to measure the contact angle. Cellulose treated with
PFOES, independently of hydrophobic agent concentration,
was characterized by very high hydrophobicity. The water
contact angle of PF10 samples was 121.3+3.7° and rose
after increasing the PFOES concentration and was equal to
133.4+3.1° and 135.9+1.0° for PF20 and PF40, respec-
tively. The results obtained during the contact angle analy-
sis are highly correlated with the results of water gain. The
contact angle of untreated cellulose, cellulose treated with
SiO, or NTES, was not identified due to the fact that a water
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Fig.3 LFNMR relaxation time of untreated and treated cellulose at the maximum moisture content
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Fig.4 The maximum moisture content as related to the estimated FSP

drop penetrated a sample immediately after its application.
These results correlated with the observations of water gain,
i.e., water contact angle was not identified when water gain
was higher than 300%. The second group of samples char-
acterized by high contact angle was cellulose treated with
PFOES, where water gain was much lower than untreated
cellulose and amounted to about 200% for PF20 and PF40
and 250% for PF10. Similar observations on the applica-
tion of silicone hydrophobic agents with fluorine resulting
in superhydrophobic properties of the wood surface, were
also presented by Szubert et al. (2019).
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3.4 Sorption isotherms analysis

The equilibrium moisture content values measured during
the sorption experiments were used to assemble adsorption
and desorption isotherms for untreated and treated cellu-
lose sheets. The discrete values of the equilibrium moisture
content were plotted together with the predicted values as
obtained from the GAB model. The obtained isotherms are
depicted in Fig. 5. The applied hydrophobic agents invoked
the equilibrium moisture content reduction as compared to
the untreated cellulose sheets. However, the improvement of
the hygroscopic properties was diversified for the treatment
options, i.e. the lowest reduction of the equilibrium mois-
ture content was observed for NTES, while the highest was
found for PFOES practically regardless of its concentration.

The results of the GAB model parametrization are pre-
sented in Table 5. The fitted values of the monolayer capac-
ity (M,,) were very low and ranged from ca. 0.04 kg/kg to
ca. 0.05 kg/kg. It suggests that the majority of absorbed
water molecules were linked to the secondary sorption sites.
The extremely low values of the monolayer capacity are in
contrast with the availability of sorption sites determined
with the deuterium exchange method (e.g., Véisénen et
al. 2018; Thybring et al. 2021). Therefore, the application
of the GAB model seems to be questionable for describ-
ing water sorption isotherms of untreated and treated cel-
lulose sheets. The values of the C,; coefficient are often
used to classify sorption isotherm. The values of C 5 fitted
in the present study were always higher than 2. Therefore,
the necessary condition for ranking the isotherms as type 11
was satisfied. The Cg;,; coefficient is related to the sorption
enthalpy of the monolayer water and its values were always
much higher than K;,p. It suggests that water molecules
directly bound to sorption sites are much stronger linked
than the secondary water. The values of the K;,p coeffi-
cient indicate the difference between the free enthalpy of
polymolecular and bulk water (Timmermann 2003). It was
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Fig. 5 Adsorption and desorption isotherms of the untreated (Control) and silicone-treated cellulose sheets at temperature of 22+ 1 °C. The iso-
therms parametrized with the GDW model, symbols represent experimental data separately measured for each option of the tested materials

Table 5 Estimated coefficients of the GAB model

Sample code Sorption a b c R’ M, Keup Ceun
phase (kg/kg)
C Adsorption 1.92 22.60 -21.34 0.9339 0.039 0.879 15.419
Desorption 1.77 19.02 -17.72 0.9590 0.045 0.863 14.491
N Adsorption 2.06 20.04 -18.15 0.9451 0.043 0.834 13.651
Desorption 2.04 16.01 -14.11 0.9666 0.052 0.800 11.813
Sio, Adsorption 2.20 23.48 -21.57 0.9278 0.037 0.851 14.523
Desorption 2.12 18.79 -16.82 0.9581 0.045 0.820 12.834
PF10 Adsorption 1.80 22.13 -19.67 0.9557 0.040 0.833 16.794
Desorption 1.81 17.55 -15.09 0.9707 0.049 0.795 14.212
PF20 Adsorption 2.12 22.67 -20.57 0.9552 0.038 0.841 14.724
Desorption 2.31 16.91 -14.95 0.9710 0.049 0.797 11.182
PF40 Adsorption 1.89 21.46 -19.21 0.9437 0.041 0.834 15.630
Desorption 1.85 17.19 -14.94 0.9759 0.050 0.801 13.615
Table 6 Estimated coefficients of the GDW model
Sample code Sorption phase mgpw (kg/kg) Kepw kepw w R’
C Adsorption 0.1026 2.466 0.9906 0.1723 0.9997
Desorption 0.1043 2.843 0.9576 0.2536 0.9987
N Adsorption 0.1208 2.029 0.9709 0.1489 0.9987
Desorption 0.1155 2.631 0.9281 0.2287 0.9992
Sio, Adsorption 0.1086 1.967 0.9764 0.1508 0.9984
Desorption 0.1330 1.761 0.9495 0.1650 0.9977
PF10 Adsorption 0.0945 2.884 0.9597 0.1880 0.9984
Desorption 0.0937 3.662 0.9137 0.2778 0.9991
PF20 Adsorption 0.0926 2.651 0.9596 0.1998 0.9987
Desorption 0.1107 2.446 0.9231 0.2313 0.9991
PF40 Adsorption 0.0945 2918 0.9592 0.1973 0.9990
Desorption 0.0963 3.484 0.9101 0.2926 0.9986
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Table 7 Sorption hysteresis loop (H), the maximum difference of equi-
librium moisture content for desorption and adsorption (AEMC), and
corresponding relative humidity (RH).

Sample code H AEMC RH

(arb. units) (kg/kg) (™)
C 0.0097 0.018 0.87
N 0.0090 0.017 0.86
Sio, 0.0087 0.018 0.87
PF10 0.0088 0.017 0.84
PF20 0.0090 0.018 0.85
PF40 0.0092 0.017 0.85

found for untreated material and all options of treatment of
cellulose sheets that the K5, coefficient was always lower
than 1. It might suggest that neither the treatment option nor
the sorption phase influenced the binding energy of water
molecules during polymolecular sorption.

The results of sorption isotherms modeling with the
GDW equation are given in Table 6. The predicted maxi-
mum content of water bound to the primary sorption sites
(mgpw) was equal to ca. 0.1 kg/kg for the adsorption mode.
It clearly shows the significance of the primary water sorp-
tion as compared to binding water molecules to the second-
ary sites. The ratio of water molecules bound to the primary
sites and converted into the secondary ones (w) was inter-
preted for the adsorption mode only as it refers to water
gain. The w parameter was lower than 0.2 for all analyzed
options. It can be deduced that, statistically, less than every
fifth molecule of primary water was transformed into the
secondary site. The kinetic constant related to sorption on
the primary sites (K;pyy) was always higher than the kinetic
constant referred to sorption on the secondary sites (kgpp).
It indicates that water molecules directly sorbed on active
sorption sites were more strongly attached to the material
than the molecules of secondary water.

The constructed adsorption and desorption isotherms
were also used for quantifying sorption hysteresis. The
quantification was done with the set of descriptors proposed
by Majka et al. (2016). The set comprised a hysteresis
loop (H), the maximum difference of equilibrium moisture
content for desorption and adsorption (AEMC), and corre-
sponding relative humidity (RH). The estimated descrip-
tors of the sorption hysteresis are depicted in Table 7. The
applied treatment options had no significant influence on the
hysteresis.

The highest value of the air relative humidity applied
during the sorption experiments is usually equal to ca. 95%.
It signifies that the constructed sorption isotherms cannot be
used for estimating the FSP due to unacceptable extrapola-
tion of the equilibrium moisture content values, e.g. Babiak
and Kudela (1995). The statement is also supported by the
FSP values estimated in the present study with the LFNMR
analysis (Fig. 4), i.e. the FSP values for cellulose treated
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with NTES or SiO, were over 50% and higher than the
value for untreated cellulose. Moreover, there was observed
reduction of hygroscopic properties in the range of ca.
70-95% air relative humidity (Fig. 5a) for the same treat-
ment options.

4 Conclusion

The identification and explanation of the mechanism respon-
sible for altering hygroscopic and hydrophobic properties of
cellulose bulk treatment with silicone hydrophobic agents
is ambiguous. The performed analyses on hydrophobic and
hygroscopic properties of treated cellulose allowed us to
draw the following conclusions:

1. The cellulose treatment with 1H,1H,2H,2H-perfluo-
rooctyltriethoxysilane increased the hydrophobic effect.
The water contact angle of the treated material was
strongly increased while the fiber saturation point was
reduced significantly compared to untreated cellulose.
The cellulose treatment with NTES and SiO, did not
improve the hydrophobic properties. Depending on the
applied silicone hydrophobic agents and their concen-
tration, the silicone-cellulose interaction was different.
It caused various fiber bulking influencing the observed
values of the fiber saturation point and the maximum
moisture content.

2. The maximum content of water bound to the primary
sites, as estimated by the GDW model, was ca. 0.1 kg/
kg. Simultaneously, the ratio of water molecules bound
to the primary sites and converted into the secondary
ones was usually less than 0.2, i.e., less than every
fifth water molecule bound to the primary sorption site
was converted into the secondary site. Also, the GDW
model does not account for the dynamics of primary
sites activation during adsorption. The GDW model
describes sorption in a more realistic way as compared
to the GAB model. It is primarily due to the fact that the
predicted maximum water content bound to the primary
sorption sites is estimated by the GAB model, which is
very low and inconsistent with the literature results on
the availability of sorption sites.

3. The applied silicone hydrophobic agents blocked, to
some extent, the active sorption sites resulting in the
improvement of the hydrophobic and hygroscopic
properties. However, the blocking mechanism and
the extent of the improvement were different for the
applied agents. The bounding water molecules to the
primary sorption sites results in the material swelling,
then activating other primary sites. The activation pro-
cess continues to the saturation (air relative humidity of
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100%). The probable mechanism of blocking sorption
sites is due to the substituting hydroxyl groups with sili-
cone (Cellulose-O-Si bonds formation). Besides that,
applying 1H,1H,2H,2H-perfluorooctyltriethoxysilane
is responsible for cross-linking silane structure and
restricting cellulose swelling.
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