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Abstract

Details on how cellulosic surfaces change under changing moisture are incomplete and even
existing results are occasionally neglected. Unlike sometimes reported, water adsorption is
unsuitable for surface area measurements. However, water can be utilized for assessing surface
dynamics. Hygroscopic changes of pulp and bacterial cellulose were studied by dehydrating the
samples in a low polarity solvent and then introducing them into a moist atmosphere in a
Dynamic Vapor Sorption (DVS) apparatus at 0-93 % Relative Humidity (RH). The DVS
treatment caused hygroscopicity loss near applied RH maxima, however, the hygroscopicity
increased at RH values > 10-20 % units lower. Additionally, the hygroscopic changes were
partially reversible near the RH maximum. Therefore the hygroscopicity of cellulose could be
controlled by tailoring the exposure history of the sample. Hornification reduced these changes.
The observations support reported molecular simulations where cellulose was shown to

restructure its surface depending on the polarity of its environment.

Introduction

An understanding of the behavior of cellulose under conditions of changing humidity is
important for its applications as the hydration of cellulose, for example, reduces its adhesion and

dimensional stability in composites (Hubbe et al. 2008; Sir6 and Plackett 2010). Although
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cellulosic composites often need to resist physical changes over repeated exposure events at high
and low humidities, research on cellulose behavior under repeated cycling has focused on the
effect of water at or near its saturation point. In order to understand more fully the intricacies of
the biopolymer, more detailed studies that focus on its behavior at subsaturation humidities are
needed. One such topic is the drying of cellulose, which is a complex process that leads to an
irreversible reduction in swelling and surface availability, known as hornification (Minor 1994).
This, hornification, in turn reduces the reactivity of pulp (Khanjani et al. 2017; Nelson and
Oliver 1971; Grethlein 1985) especially with repeated drying cycles (Leuk et al. 2015) due to
irreversible microfibril aggregation or ‘stiffening of the lignocellulose matrix’ (Hult et al. 2001;

Newman 2004; Suchy et al. 2010a and 2010b).

Cellulose behavior and its surface properties are defined by the prevalence of available hydroxyl
groups (Dufresne 2012). Cellulose molecules consist of glucopyranose rings that have their
hydroxyl groups oriented in equatorial positions whilst nonpolar C-H bonds are aligned in axial
directions (Fernandes et al. 2011; Yamane et al. 2006). Moreover, cellulose molecules are
partially ordered in crystalline structures that possess both hydrophobic and hydrophilic surfaces
(Dufresne 2012; Medronho et al. 2015; Sinko et al. 2015). At the sub-micron level, cellulose is
further organized into fibrillar structures that have a more disordered surface (Fernandes et al.
2011; Maurer et al. 2013) which have more potential for outward-directed hydroxyl groups when
compared to perfect crystals. Research performed with liquids has shown that a non-polar
environment causes a reduction in the hydroxyl group accessibility via different effects, for
example, the hydroxyl groups can adsorb impurities from the environment, reorient themselves

away from the fibril surface or create cross-linkages and aggregations (Yamane et al. 2006;
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Johansson et al. 2011). Correspondingly, exposure to polar liquids has been shown to increase
hydrophilicity (Bledzki and Gassan 1999) for the time of exposure despite the impact of
hornification. Nevertheless, it would be beneficial to be able to distinguish between the effects of
hornification and hygroscopic changes and to ascertain how permanent such changes are.
Furthermore, cellulosic samples behave very differently < 96 % relative humidity (RH) when
compared to that observed at levels above 96 %. Differences in water adsorption between
different samples has been shown to be very small below 96 % RH and occasionally not even
consistent with results at 99.98 % RH (Stone and Scallan 1967). This limits the applicability of

research results achieved at water saturation to very specific conditions.

Structurally, it is estimated that there is a thin layer of non-crystalline cellulose on the surfaces of
fibrils (Atalla et al. 2008; Fernandes et al. 2011; Leppdnen et al. 2009; Salmén and Bergstrém
2009; Weatherwax 1977) that could be prone to hornification and interfibrillar hydrogen bonding
to either cellulose or hemicellulose (Leppénen et al. 2009; Mohan et al. 2012). Modeling studies
on a molecular level have also suggested that intrafibrillar restructuring can take place within the
first molecular layers (Heiner et al. 1998; Matthews et al. 2006; Maurer et al. 2013), however,
the nature and extent of such restructuring depend on the amorphous fraction and crystal
structure of the surface (Kulasinski et al. 2017; Liao et al. 2012; Yamane et al. 2006). Figure 1
shows the possible changes including surface irregularities and hydrogen bond changes (red
lines) from inter-chain (bulk cellulose, Fig. 1a) into inter-sheet bonds both in vacuum (Fig. 1b)
and water (Fig. 1c) (Maurer et al. 2013). There is more inter-sheet bonding against vacuum (b)
than against water (c) because water is able to attract hydrogen bonds. These type of structural

changes lead to changes in the available hydroxyl groups on the fibril surface and therefore alter
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the overall hygroscopicity of the cellulose. Importantly, if there is any delay or hysteresis in the
surface restructuring, the surface could also have different configurations depending on what

kind of environment they have been exposed to before the actual experiments.

Fig. 1 Cross sections of cellulose It (100) in different environments. Some of the intra-sheet
hydrogen bonds, which are typical to a) bulk cellulose, restructure into inter-sheet hydrogen
bonds at the surface when the surface is exposed to b) vacuum or c) water. There are more
hydroxyl groups pointing outward in water than in vacuum because water can attract hydrogen

bonds. The figure is from Maurer et al. (2013) with permission from Springer

Critical point drying (CPD) with CO, can be used as a method to prepare dry cellulose with
relatively intact pore structures in order to analyze the porosity, surface area and microscopic
structure (Lovikka et al. 2016). While CPD is commonly employed together with N, sorption
techniques, use in conjunction with water sorption studies is much more limited. In this study,
we want to determine how the CPD procedure affects the water sorption characteristics of pulp
fibers over a wide RH range, especially as the CPD method at least partially prevents
hornification upon water removal. The CO, treatment may also cause surface molecule

reorientation (Johansson et al. 2011) due to the low-polar nature of the treatment. Additionally,
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the treatment has been previously shown to cause changes in the molecular distances on the

cellobiose unit level when compared to interactions with water (Bazooyar et al. 2015).

The main aim of this study is to understand how cellulose surfaces behave as relative humidity
(i.e. water activity) is changed below its saturation point by using CPD in combination with
Dynamic Vapor Sorption (DVS). In this paper, we show that the subsaturation RH behavior of
cellulose is more complex than is sometimes assumed as cellulose surfaces can both gain and
lose hydrophilicity with only small changes in humidity. This can have a profound impact on the
reliability of both cellulose analysis methods and applications. Differently predried samples were
studied to understand to what extent the hygroscopicity of cellulosic surfaces can be changed by
surface restructuring, how stable these changes are and whether hornification can be used to

prevent such changes.

Materials and methods

Samples and solvents

Various bleached pulps were used for the study as shown in Table 1. “Never dried” samples
(ND) were never dried prior to the solvent exchange and Ciritical Point Drying (CPD) protocol.

Other samples were either dried in 100 °C (“oven dried”) overnight or were acquired as regular



123  industrial pulp sheets (“machine dried”). These samples with different drying histories (“predried

124  samples”) underwent cold redispersion to water before being subjected them to the same solvent

125 exchange and CPD protocol. The K-100-Ref in the Table 1 is similar to sample K-100 except

126  that it was not redispersed or CPD treated. Samples primarily comprised of fully bleached birch

127  (Betula spp.) pulp with the addition of a sample of bacterial cellulose (from Gluconacetobacter

128 medellensis). The bacterial cellulose (BC) preparation method has been described elsewhere

129 (Castro et al. 2012). Acetone (VWR International) was at least of 99.5 % purity, CO, (Oy Aga

130 AB) was of at least 99.8 % pure and deionized water was used throughout the experiments.

131

132 Table 1. The samples used in this study. All the pulp samples were bleached. N.B. the table is

133 partially taken from Lovikka et al. (2016) with permission from Elsevier

Name Species Type Drying Hemicellulose content
(%)
d-ND birch dissolving ND 6.6
d-d birch dissolving machine dried 6.0
d-100 birch dissolving oven (100 °C) 6.1
K-ND birch kraft ND 26.1
K-100 birch kraft oven (100 °C) 26.0
K-100-Ref birch kraft oven (100 °C) 26.1
BC G. medellensis bacterial ND 0
134
135
136

137  Solvent exchange and critical point drying
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Pulp samples (with 10 % solid content) were placed into 50 kDa molecular weight cut-off
(MWCO) regenerated cellulose membrane tubings and the pulp was solvent exchanged by
dialysis with acetone for over 45 hours in the presence of a magnetic stirring. The acetone was
subsequently exchanged with liquid CO; in a critical point drier (Leica EM CPD300) over 25
CO; partial exchange cycles which lasted 1 hour in total. Next the CO, was heated to 35°C under
~75 bar pressure in order to bring it into the supercritical state and this fluid was slowly vented
out until only carbon dioxide gas at atmospheric pressure remained for the fluid phase. After
CPD was complete, the samples were immediately transferred either to DVS or the N, sorption

apparatus following the method described previously (Lovikka et al. 2016).

Dynamic Vapor Sorption (DVS)

H,O sorption was measured with a Dynamic Vapor Sorption equipment (DVS Advantage ET,
Surface Measurement Systems). The weight of the sample was monitored with a microbalance
whilst a constant flow of nitrogen of predetermined water content was used to control the RH
within the sample chamber. The sorption-desorption isotherm cycles were collected sequentially
for the same sample and the sample Equilibrium Moisture Content (EMC) was recorded after the
mass change rate stayed below 0.002 %/min continuously over a 10-minute period. The device
was equipped with a calibrated RH sensor (Rotronic HC2-IC, Switzerland) that allowed the true
RH in the chamber at each step to be recorded. These results showed that the measured value
was 1-2 % units lower than the set value. The measured RH values are used in the later sections.
The temperature within the sample chamber was kept constant at 24 °C (+0.05 °C) and the setup

was additionally enclosed by an insulating box.
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The measurement protocols comprised of either a 2-cycle or multicycle step process. For the 2-
cycle measurements, the target humidity was increased both times in 5 % increments from zero
to 95 % RH with two additional steps during the adsorption phase at 2.5 % and 7.5 % (see for an
example isotherm Fig. 2a). The multicycle runs (d-ND-g and K-ND-g) were performed using a
more complex program. Dissolving pulp (d-ND-g) was measured using a first cycle with a
maximum at 20 % RH. Each subsequent cycle carried out was 10 % RH higher than the previous
maximum until a cycle at RH 90 % was completed. After that the sample was exposed and dried
from 95 % RH without intermediate steps before one more full cycle with intermediate steps to
90 % RH was completed. These cycle maximum values are presented in Table 2 in chronological
order. Data was only collected at every 10 % RH increase with the exception of an additional
measurement step at 5 % RH. For the kraft pulp sample (K-ND-g) cycles 60 % and 70 % RH
were repeated after the first exposure to 70 % RH. The last cycle of K-ND-g was set to 95 % RH

instead of 90 % used for d-ND-g.

Table 2. The progressively higher cycles in the DVS measurements. Cycles with * were

completed without any intermediate steps (0% — 95% — 0% RH)

SAMPLE NAME RH AT EACH CYCLE MAXIMUM (%)

d-ND-g 20, 30, 40, 50, 60, 70, 80, 90, 95%*, 90

K-ND-g 20, 30, 40, 50, 60, 70, 60, 70, 80, 90, 95*, 95
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The specific surface areas were determined with both N, and H,O. Measurements with water
were analyzed with the Guggenheim-Anderson-de Boer method (GAB), which can be applied
over a more extended range when compared to the classical BET equation (Brunauer et al. 1938;
Timmermann 2003). GAB was chosen, since water sorption on cellulose is specific at low RH
and there is no well-defined cellulose surface when water is used as the probe molecule, which
means that the BET method is ineffective for such H,O sorption studies (Greyson and Levi
1963). Nevertheless, both methods are still being used and therefore they need further

examination (Haggkvist et al. 1998; loelovich and Leykin 2011; Espino-Pérez et al. 2016).

Kinetic analysis of DVS

The kinetics of the Dynamic Vapor Sorption (DVS) was studied with one of two methods: i)
Parallel Exponential Kinetics (PEK) model or ii) simply comparing the lengths of each sorption
step. The PEK method assumes two parallel, independent first order processes and relies on the

following parallel exponential equation (Kohler et al. 2006):
Mt:Minfl(l _e_ml)-l-Mian(]'_ e_t/tz) (1)

where M, is the sample mass at a given time t, M;,y mass at equilibrium, t; and t, the time
characteristic times for the two sorption processes. The sensitivity of data fitting was studied by
comparing the results, when the first data points were masked either by 30 seconds or until the
maximum slope of the curve was reached. The kinetics were also studied by a simple plotting of

the running times of each measured step against the target relative humidity. Average sorption

10
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rates for each step were calculated by dividing the total mass change by the total time spent for

the step.

N, sorption

N, sorption was analyzed for samples before and after DV'S to monitor porosity changes during
the DVS treatment. Specific surface areas (SSA) were measured at 77 K by nitrogen sorption
apparatus (Tristar II, Micromeritics) and the data was analyzed using a Tristar 3020 software
(Micromeritics). Approximately 150 data points were collected between the relative pressure of
0 and 0.99 for the isotherms and the surface area was determined using the Brunauer-Emmett-
Teller (BET) equation (Brunauer et al. 1938) at relative pressures between 0.05 and 0.35 where
the BET fitting was observed to be good. The method and the results of N, sorption have been

recently published in more detail (Lovikka et al. 2016).

Scanning Electron Microscopy (SEM)

Samples were prepared from fresh Critical Point Dried (CPD) samples although brief exposures
to humid air were possible. Single fibers were pulled from the samples with carbon tape and care
was taken to avoid any unnecessary fiber compression. Samples were then sputtered with a 3 to 9
nm layer of gold prior to imaging with the secondary electron detector of a Sigma VP (Zeiss)

with an acceleration voltage of 1.2-1.5 keV.

11
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Results

DVS isotherms

Water adsorption behavior of the samples changed over repeated cycles of DVS measurements.
The sorption cycles in two-cycle measurements were different from each other until the
desorption phase between 20-40 % RH where the two cycles coincided (Fig. 2a, steps 2 and 4).
Additionally, although the samples adsorbed less water during their second cycle at high RH as
expected due to hornification, the adsorption was significantly increased at low and medium RH
in comparison to the values from the first cycle (Fig. 2a, steps 1 and 3). To best of the authors’
knowledge, this increase in the hygroscopic nature of cellulose under relatively mild conditions
have not been reported previously. Remarkably, although the first cycle isotherms are often
compared in the literature, the differences between the same sample isotherms (Fig. 2a) were

sometimes larger than between the same cycle isotherms of different samples (Fig. 3a and 3b).

The same hygroscopic changes seen in d-ND were observed to proceed, although more
gradually, in the corresponding multicycle run, d-ND-g. In Fig. 2b the d-ND-g isotherms are
plotted against d-ND and it clearly shows how the d-ND-g curves largely follow the second
cycle of d-ND. The measurement points of d-ND-g with the largest deviations from d-ND are the
new RH highs, which are located between the first and second cycle adsorption curves of d-ND

at RH > 50 % and slightly below them at RH < 40 %. When the next cycle of d-ND-g reached

12
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the previous RH high, adsorption was always determined to be lower than the first time (Fig. 2c).
If the sample was exposed to and subsequently dried from a 10-20 % units higher RH, the
sorption started to increase again at that RH. At humidities < 40 % RH the highest EMC
(Equilibrium Moisture Content, %) was reached only after 3 or more adsorption cycles to higher
RH values. This was counter intuitive since cellulose is generally known lose its initially porous
structure (Fig. 2d) upon exposure to water and as a result the sample would have been expected

to adsorb the most water during the first cycle.
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Fig. 2 DVS isotherms. a) Whole isotherms of d-ND and comparisons (inset) to the corresponding
N, adsorption isotherms. The units for the x- and y-axis in the inset are % and ml/g, respectively.
b) Nine adsorption branches of d-ND-g (red lines, “C1-C9”) compared to the 2 cycles of d-ND

(black, “C1-C2”). c) EMC values of d-ND-g presented as columns. d) SEM image and a

photograph (inset) of a d-ND sample. Scale bar is 2 pm. N, isotherm details in a) are reprinted

with permission from Elsevier (Lovikka et al. 2016)

Reversibility of the changes during repeated cycling
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A multicycle run, with K-ND-g, was performed in a similar fashion to that for the d-ND-g
sample. The main difference was that for the K-ND-g the measurement cycles to 60 % and 70 %
were repeated after the first adsorption cycle to 70 % RH (Fig. 3c). During this repetition, the
adsorption of K-ND-g showed increasingly complex hygroscopic changes as the measurement
approached the exposure maximum. At 18 % RH, the repeated cycles did not result in any
notable change. At 28 and 38 % RH, the adsorption was increased after the first exposure cycle
to 59 and 69 % RH, however, the second exposure to 59 % resulted in a slight reduction in
adsorption whereas the second exposure to 69 % RH returned it to the level observed prior to the
repetition cycles. In other words, the exposure to 59 % RH seemed to cause the adsorption to
converge towards some value whereas 69 % RH only leads to increased adsorption. At 48 % RH,
the sorption was lowered by both cycles to 59 % RH but increased with the cycles to 69 % RH.
In contrast, at 59 % RH the sorption was smaller after both cycles to 59 % RH and the first to 69
% RH but was larger after the second exposure to 69 % RH, whereas the adsorption at 69 % RH
was reduced even after the second cycle to 69 % RH. After the repetition cycles, an exposure to

79 % RH was needed to reach new EMC maxima below 69 % RH.
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273 Fig. 3 DVS isotherms. a) First cycles of the ND samples, SEM image of BC as an inset; b)
274  second cycles of the ND samples, SEM image of K-ND as an inset; c) K-ND-g isotherm data

275 presented as columns. Both scale bars represent 1 pm

276

277  Other cellulose sources: BC and kraft

278 In general, K-ND behaved much like dissolving pulp except that the changes to the hygroscopic

279 nature of K-ND were smaller. Both samples adsorbed similar amounts of water even though
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dissolving pulp possesses less hemicellulose than kraft pulp (Fig. 3). During the first cycle, d-ND
sorbed marginally less water than the K-ND between RH 28-79 % but had a slightly higher EMC
after exposure to 79 % RH, during the second cycle, d-ND sorbed less than K-ND also at high

RH.

Bacterial cellulose, which consists of cellulose only, showed two large differences in comparison
to the pulp samples (Fig. 3). During the first cycle, BC behaved in a similar manner to pulp at
RH 0-13 % but adsorbed water much less than pulp at 13-79 % and much more at 79-93 %.
During the second cycle the differences between pulp and BC below 69 % RH were significantly
smaller. Another BC sample was compressed into a film during the drying procedure, making the
interfibrillar distances smaller than in the non-compressed BC sample. The compressed sample
sorbed up to 12 % more water than the BC aerogel after 33 % RH but otherwise the isotherm

looked very similar to that of the uncompressed sample isotherm (results omitted for clarity).

The effect of predrying on the hygroscopic changes

The 2-cycle protocol was applied to the dissolving and kraft pulp samples with different drying
histories. The measured maximum sorption of the ND samples was found to be higher than those
of the predried samples as expected. The ND samples also showed the largest deviation between
the two cycles. The predried samples had first cycle adsorption curves that were intermediate
versions of the first and second cycles of the ND samples (Fig. 4). During the first desorption,

the K-100 sample approached K-ND isotherm until they intersected at 18-38 % RH, whilst the

17
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second cycles of K-100 and K-ND were comparative. The same behavior was also observed for
dissolving pulp once the sample weight loss during the first desorption cycle of d-100, possibly

due to trapped solvent, was taken into account.

Predrying had a surprising effect at low RH values as samples d-100 and K-100 sorbed more
water than their ND counterparts during the first adsorption phase. K-100 adsorbed 11 % more
water than K-ND and d-100 adsorbed 7 % more than d-ND during the first cycle at 18 % RH. D-
ND and K-ND started adsorbing more than the oven-dried samples only after RH 43 % and 59 %
RH, respectively. Nevertheless, the differences with dissolving pulp may be underestimated
because trapped solvent caused both d-d and d-100 to lose 0.27 % and 0.20 % of their weight
during the first cycle, respectively. This difference was almost as large as the difference between
d-ND and predried dissolving pulp samples during the first cycle desorption below 50 % RH.
The d-100 sample behaved like d-d except that it adsorbed marginally more around 8 % RH and
slightly less at > 38 % RH. Similarly, K-100 was found to adsorb more water than K-100-Ref
except for the RH range between 0-18 %. During the second cycle the differences between ND
samples and their oven-dried counterparts were smaller. For dissolving pulp, when the sample
weight losses during the first cycle have been compensated, the difference is 2.2 and 2.3 % at 18
% RH during adsorption and desorption but increases starting from 2.6 % at 54 % RH to up to
8.9 % by 93 % RH. For kraft pulp the difference between ND and 100 was 1.1 % and 1.3 %
during adsorption and desorption at RH 18 %, respectively, but the difference increased starting

from 1.6 % at 69 % RH to up to 6.2 % by 93 % RH.
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Fig. 4 The first cycle isotherms for the 2-cycle samples. a) Effect of predrying on dissolving
pulp, detail of low RH range as inset, b) effect of predrying on kraft pulps, detail of low RH

range as inset

DVS hysteresis

Hysteresis, defined here as the difference between adsorption and desorption divided by
adsorption highlights the observed behavior of the different celluloses investigated at low and
high RH (Fig. 5). Typical literature values for pulp hysteresis normally show upward slopes for
pulp (Hill et al. 2009), natural fibers (Xie et al. 2010) and wood (Jalaludin 2011; Kymaéldinen et
al. 2014; Willems 2014a and 2014b) samples. The samples used in this study also had similar
curve profiles in the second measurement cycle, though the first cycle hysteresis curves had a
tendency to deviate from the literature curves in two ways. At low RH levels, the curves showed
a secondary peak at circa 18 % RH, which is obviously due to lowered adsorption during the first

DVS cycle, whereas at high RHs the samples had smaller hysteresis than the second cycle
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curves. The hysteresis values at 18 % RH were plotted against the reported N, SSA values for
the samples (Fig. 5b). For the pulp samples, there was an obvious correlation between the two
values during the first cycle. In contrast, during the second cycle, the samples were more
hornified and the hysteresis remained close to 0.79 for all the samples, indicating that more than
half of the hysteresis anomaly at RH 18 % is independent of sample porosity. BC showed the

largest changes in hysteresis at 38-48 % RH whereas pulp remained relatively unchanged across

that range.
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Fig. 5 a) Hysteresis curves of some DVS samples. b) The hysteresis values at 18 % RH plotted
against No SSAs measured before the first DVS exposure. The full symbols are for the first (C1)
and the empty symbols for the second DVS cycle (C2) values. The N, values are reprinted with

permission from Elsevier (Lovikka et al. 2016)

20



352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

Water sorption kinetics

In general, adsorption was faster than desorption (Fig. 6a) which can be seen both in the shorter
step lengths and quicker sorption rates. This was especially pronounced during the first cycle at
RH values > 23 % where the difference between adsorption and desorption (Fig. 6a, the first
inset) increased during the first cycle but subsequently reduced during the second. When
adsorption and desorption rates were plotted, all the curves (except for the first sorption curve)
showed a U-shaped behavior common for natural cellulosic fibers (Xie et al. 2010) (Fig. 6a, the
second inset). With the exception of the first adsorption, the sorption rates decreased until 38 %
RH when reading the graph from the origin. The adsorption and desorption rates increased again
at > 69 % RH, which corresponds to EMC contents of > 10 %. However, it should be noted that
in this work the kinetics data points < 8 % RH and > 89 % may not be fully comparable due to
their shorter step lengths that might affect the results as previously shown for wood (Christensen

1959).

Kinetics were also analyzed using the PEK model but the method was unable to provide
satisfactory results even with high R* values (> 0.999). If the first data points were not masked,
the fitting residuals fluctuated strongly during curve fitting as observed previously by Driemeier
et al. (2012). This fluctuation has been attributed to variations in the data, possibly because of
small changes in temperature due to feedback system (Hill et al. 2012). In our measurements
reservoir temperature changes were typically in the range of + 0.02 °C during a single exposure
step. Nevertheless, the residual fluctuations were possibly magnified by the slow onset of the

water adsorption as the residuals became smaller when more data points were masked before
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curve fitting. Nonetheless, utilization of this method caused the coefficients t; and t, (equation 1)
to increase and especially t, started to fluctuate across the measured RH range occasionally to an
unacceptable extent. Therefore the results were considered to be too sensitive to the data

pretreatment and the analysis was discontinued.
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Fig. 6 Measurement running times and the rates of sorption. a) Data for d-ND. Hysteresis for
both of the cycles are presented in the left side inset. The average rates of sorption are shown for

each step in the right side inset. b) Data for d-ND-g

Comparison of H,O and N, adsorption data

Specific surface area (SSA) determined by DVS was found to be relatively insensitive to the
sample differences, meaning these measurements proved to be inconclusive with both BET and

GAB methods. For example, BET and GAB analyses of DVS data gave similar SSA values
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(108-149 m*/g and 135-188 m*/g, respectively) for the samples in spite of fibril aggregations,
hornification and SSA differences over two orders of magnitude observed in N, adsorption (2™

and 4™ column in Table 3).

Table 3. Specific surface areas by nitrogen and water adsorption. Values with * are averages
from multiple measurements with standard deviation of 5-13 % (+ 20) and are reprinted with

permission from Elsevier (Lovikka et al. 2016)

SAMPLE NAME N, SSA H,O SSA; Cycle 1/ Cycle 2 N, SSA after DVS
(m?*/g) (m*/g) (m*/g)

d-ND 199* 135/130 4.8

d-d 104* 136 /125 4.5

d-100 85* 134 /125 3.5

K-ND 225* 135/ ca 144 5.5

K-100 150* 149 /136 1.7

K-100-Ref - 122 /137 -

BC 253 108 /126 66.7

It is worth noting that in some of our samples H,O adsorption was lower than N, adsorption,
according both to SSA values and total volume adsorbed. For pore volume comparisons, both N,
and H,O isotherms were adjusted to the same units (liquid volume / sample weight) and plotted
on the same graph (Fig. 2a inset). As can be seen, especially at low relative humidities, nitrogen
is sorbed to a more significant degree, although this comparison is probably complicated as a
result of diminishing sample volume due to the cryo conditions used during N, sorption. At room
temperature the samples were found to be highly porous (Fig. 2d) before exposure to water

(Lovikka et al. 2016).
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Discussion

The hygroscopic properties of the surface were affected by water during both adsorption and
desorption phases. This can be seen in the 2-cycle data where the two cycles differ from each
other until they have similar desorption branches at low RH region. Similar observations have
been reported for isotope labeled cellulose (Sepall and Mason 1961) and wood after thermo-
modification at 220°C (Chirkova et al. 2009). With DVS the end point of changes could be
located quite precisely, for example, the changes were completed for d-ND by 18 % RH during
desorption of the first exposure cycle (Fig. 2a). The nature of these hygroscopic changes is later
discussed more in detail based on observations on isotherm shapes, hysteresis and simple

adsorption kinetics.

When samples were initially placed in the 0 % RH atmosphere, small weight losses of -3 % and
-4.5 % were typically detected for pulp and BC, respectively. The presence of this additional
weight could have been re-adsorbed moisture during the sample transfer. Other researchers have
used more extensive protective measures (Weatherwax and Caulfield 1971) to prevent moisture
re-adsorption and structural collapse. Nonetheless, the very high SSA values for kraft pulp
before DV'S analysis, up to 225 m*/g for birch (Lovikka et al. 2016), showed that the method
used here was adequate and therefore the samples were also assumed to have preserved their
surfaces in freshly dried state. Although some effect on the sample properties especially at low

RH cannot be ruled out, the effect should be similar to those reported in this paper. Therefore the
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effect due to the re-adsorption would be only to reduce our DVS observations in scale by pre-
emptive hygroscopic changes, however, all the samples showed further changes even at the
lowest measured RH’s, once they were exposed to high enough RH’s. In continuation to this, it
is hypothesized that similar surface structure changes could continue both at low and high RH
values at water activities beyond ambient room conditions, e.g. with supercritical water or water
in nanoconfinement. Studying the latter could have beneficial effects on biocomposite

development.

The sample equilibration times were not long enough to observe the samples in full equilibrium
with vapor because cellulosic samples might not equilibrate even during 2-day long exposure
steps (Glass et al. 2017). Because the full measurements would take months or years to complete,
more commonly used step length protocol was applied (< 0.002 %/min over 10 min). Even the
shorter steps are long enough to observe major changes in the EMC’s (Glass et al. 2017; Hill et
al. 2009). Additionally, because the observed differences between the samples and the cycles are
large and systematic in the consistent experimental conditions, it is unlikely that the qualitative
results would change even with longer step lengths. However, the reader is encouraged to keep

in mind that quantitative results are dependent on the applied equilibration times.

Nature of the hygroscopic changes

The anomalously low sorption determined during the first exposure cycle may be due to surface

restructuring and changes in the hydroxyl group accessibility caused by the nonpolar solvent
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sample treatments (Johansson et al. 2011; Maurer et al. 2013, Yamane et al. 2006). This was
possibly enhanced by the presence of supercritical carbon dioxide which is able to penetrate
cellulose (Zheng et al. 1998). Importantly, the hygroscopic changes during adsorption were not
limited to any specific RH range even though different phenomena dominate water adsorption at
different RH’s. Interestingly, the hygroscopicity could both increase and decrease even at low
RH values where sorbent-sorbate interactions define the adsorption (Kulasinski et al. 2017; Sing
et al. 1985), whereas hornification should only reduce the adsorption by increasing
hydrophobicity through macromolecular ordering (Mohan et al. 2012) and reducing porosity
(Fernandes Diniz et al. 2004). Adsorption in mesopores or swelling are unlikely as they are
typical only when Equilibrium Moisture Content (EMC) is > 5 % or > 15 % RH (Grunin et al.
2015; Hill et al. 2009; Kulasinski et al. 2015, 2017; Salmén 1982). Water adsorption data
remained almost unchanged even when N, SSA showed significant porosity loss caused by the
DVS analysis, which indicates that mesoporosity changes should not affect DVS values very
strongly. Although cellulose itself can exhibit strongly increasing adsorption at high humidities
(Banik and Briickle, 2010; Hill et al. 2009), the upward bend at the high RH end of adsorption
isotherms has previously been also attributed to the presence of hemicelluloses (Engelund et al.
2013; Kohnke and Gatenholm 2007; Oksanen et al. 1997). In the measurements outlined here,
however, BC that does not contain hemicellulose nor any similar interfibrillar capillary structure
due to its random fibril arrangement also showed increased amounts of water sorption at high
RH. The results suggest that these changes in the samples must be at least partially independent
from their capillary structures or exact chemical compositions. In comparison, the adsorption
isotherm of BC changed more than that of pulp samples over repeated cycling, possibly as a

result of the Ia structure of BC, which is more labile than the I cellulose in higher plants
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(Dufresne 2012). Additionally, as the measurements were carried inside a closed chamber,
contaminations were unlikely, therefore, the mechanism behind the hygroscopicity changes was

likely due to surface restructuring in these samples.

Interestingly, the hygroscopic changes were smaller for samples with prior drying history. Since
predried samples are more crosslinked and aggregated than never dried samples due to
hornification, rearrangements of their surfaces into other configurations may have been restricted
(Lang and Mason 1960). In other words, the hornification may have prevented surface
restructuring during our low-polarity treatment and this would have helped to keep the
hydrophilic moieties facing the fibril surfaces until the DVS measurements. The preventive
effect against hygroscopic loss at low RH’s was observed to be stronger in samples with a more
severe predrying history, possibly because the hornification was less reversible in them as shown
previously by Stone and Scallan (1966). Once the samples were exposed to high humidities in
the DVS device, the presence of high water levels may have increased the hygroscopicity by
triggering hydroxyl group reordering back towards the surface. After the first exposure cycle the
never dried samples hornified as well, which can be seen in the similarities of cycle 2 isotherms
between d-ND and the predried samples (Fig. 4a and its inset). Overall, a change in the
hygroscopic nature and hypothesized hydroxyl group reorientations mean that the hydrogen bond
pattern of cellulose would change as the samples are exposed to different humidity cycles. This
might be related to the unexpectedly complex hornification and its reversibility reported recently
for wood (Thybring et al. 2017). An interesting additional consequence of the hydroscopic
changes of cellulose is that if hydrogen nuclei could be exchanged directly between cellulose

hydroxyls without intermediate water, the change in the hydrogen bond network could create
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proton transfer chains between the surface and subsurface parts of cellulose. This could be
problematic for cellulose analytics, like deuterium labeling, although the authors are not aware of
reported issues which could be unambiguously shown to be caused by this purely speculative

phenomenon.

In general, hysteresis has been linked to various factors and therefore its interpretation is not
straightforward. Hysteresis at low RH has been related to non-complete wetting at the nanoscale
due to impurities (Cohan 1938), but as the sorption cycles were performed in a sealed DVS
sample chamber, impurities do not explain the changes in hysteresis in different cycles.
Moreover, according to Cohan, impurities should also lead to non-closed N, sorption curves,
which was not observed previously (Lovikka et al. 2016). Also, hysteresis in the isotherms has
previously been linked to the presence of hemicellulose (Engelund et al. 2013) and indeed kraft
samples gave slightly more pronounced hysteresis curves than the dissolving pulps.
Nevertheless, the presence of hemicellulose is unable to explain why hemicellulose-free BC gave
rise to a stronger hysteresis than that observed for pulp. High sorption at low RH values has been
linked to lower sample crystallinity (Mihranyan et al. 2004) and this would suggest that the
samples measured here would have lost crystallinity during the first water exposure cycle but this
is contradicted by the results in the literature. The highest level of hysteresis at low RH was
observed with a sample of relatively low crystallinity (Xie et al. 2011) and crystallinity has also
been reported to be increased with a drying-rewetting cycle (Newman 2004), however, sample

crystallinities were not analyzed as part of this study.
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Additionally, hysteresis has also been linked to slow, glassy relaxation in the material (Engelund
et al. 2013; Willems 2014b) as moisture induces glass transition within amorphous cellulose at
room temperature when EMC > 10 % (Salmén 1982). This softening allows more sorption,
which would cause an upward bend in the isotherms and the kinetic data at 70 % RH, both of
which agree qualitatively with our data. This limit, at approximately 70 % RH or 10 % EMC, is
also where water diffusion has been shown to increase strongly (Kulasinski et al. 2014; Topgaard
and Soderman 2001; Zografi and Kontny 1986). Prior to this RH, specific sorption and water
clustering around polar or charged groups (Bazooyar et al. 2015; Belbekhouche et al. 2011;
Berthold et al. 1996; Cohan 1938; Kulasinski et al. 2017; Maurer et al. 2013; Newns 1973;
Olsson and Salmén 2004) or a more tortuous diffusion path between the fibrils (Topgaard and
Séderman, 2001) might slow down water mobility. The clustering and specific adsorption may
sterically hinder water adsorption to nearby sites until there is sufficient water to create a
percolating network through the sample (Kulasinski et al. 2014). Moreover, RH values above 75
% or EMCs above 9 % have been linked to void or capillary filling (Kulasinski et al. 2014;
Mazeau et al. 2015). Unlike cellulose fibrils in BC, pulp fibrils are further arranged into denser
cell wall structures (Fig. 2d and insets in Fig. 3) (Castro et al. 2012; Dufresne 2012; Klemm et al.
1998, 2001), which give rise to more microporosity and therefore could partially cause the larger
hysteresis at RH > 74 % observed for pulp. Both constricted and non-constricted pores can cause
hysteresis via various effects, including the inkbottle effect and different menisci shapes during
adsorption and desorption (Cohan 1938). However, surface area (i.e. porosity) had only a limited

correlation to hysteresis (Fig. 6b).
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The rates of adsorption and desorption were similar for the d-ND sample except for the first
adsorption cycle. This might be due to the fact that the ND samples still have numerous open
pores during the adsorption phase of the first cycle (Fig. 2d, Table 3) which allows the water a
rapid access inside the fiber cell walls. Interestingly, the first cycle desorption rate is already
very similar to that of the second cycle although EMC was much higher during the first half of
desorption in the first cycle. During the desorption the water is present on the surfaces and inside
amorphous cellulose, and specifically during the first cycle desorption, as liquid in
microcapillaries. Although the total volume of the water is larger during the first cycle, it is not
free to move in a similar manner to the water vapor during the first adsorption but is more like
liquid or surface-bound water during the second desorption, hence the desorption kinetics are
more alike. When water evaporates during the first desorption, it pulls the fibrils towards each
other due to capillary pressure and closes the pores as it retracts. As a result, the RH value where
the EMC’s of the two cycles coincide might indicate the point where this structural collapse is
complete. For d-ND it was ca 23 % RH (Fig. 2a) which coincides well with the lowest RH
outlined in the literature for hornification by Weise et al. (1996), who reported that hornification

occurs at 20-75 % solids content, depending on the pulp type.

Gradual hygroscopic changes

The DVS isotherms show gradual changes in hygroscopicity as RH is changed. In the d-ND-g
isotherms it can be seen that part of the hygroscopic changes related to the RH maxima already
occur by the time the previous cycle to lower RH maximum was completed. For example, as the

adsorption data point of d-ND-g at 79 % RH is roughly halfway between that of cycles 1 and 2
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of d-ND, the previous d-ND-g cycle up to 69 % RH had resulted in approximately half of the
changes, which would have been caused by one complete cycle to 93 % RH (Fig. 2b). This
shows that the sample had some area that remained relatively unaffected until a sufficiently high
RH was reached. Once a suitably high RH was achieved and the sample had been subsequently
dried, most of the potential changes due to that particular RH for the cellulose sample were
complete. Since cellulose swells and opens up as its EMC increases, the different RH values
could be related to different locations in the sample. Similar conclusions on cellulose and wood
(Greyson and Levi 1963; Taniguchi et al. 1978) have been reported to occur due to water
returning to the same sorption sites at repeated RH levels. Taniguchi et al. showed that
deuterium labeled hydroxyls in wood were not increased by repeating similar exposures but only
after exposing the samples to increasingly high D,O humidities. Interestingly, they observed no
further changes with cycles extending above 60 % RH, which is not the case with DVS data
outlined here. On the other hand, Greyson and Levi reported incremental reductions in N, SSA
as water vapor exposure cycles were taken to incrementally higher RH’s. With full DVS cycles it

is possible to study factors behind these phenomena more in detail.

At least two phases could be identified in the sample responses when they were exposed to water
vapor: first hydroxyl group accessibility was lowered at that RH (or “that sample location™) as
water penetrated and retracted from it for the first time. After the sample was exposed to 10-20
% RH units higher conditions and water penetrated deeper in the sample, the hydroxyl
accessibility increased again at the earlier location (Fig. 2c). Interestingly, newly available
sorption sites do not only appear near the new maximum but at all RH values > 10-20 % RH

units below the new maximum. The experiment with repeated cycles at 59 and 69 % RH
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supports these observations as, for example, sorption at < 40 % RH did not proceed during the
repetitive cycles at 59 and 69 % RH nearly as much as when the exposure humidity was
increased finally to 79 % RH. More sorption sites become accessible after a new peak RH is
attained. Additionally, the results from K-ND-g suggest that hygroscopic changes are more
reversible the closer the analyzed RH is to the previous RH maximum. Since the sorption stayed
almost constant < 38 % RH while it was changing at 49-69 % RH during the repetitive cycles, it
implies that the changes (hornification) are more irreversible in the RH values near the exposure
maximum, or the corresponding sample location, after water has advanced and retracted from

locations deeper within the sample.

Additionally, the kinetic data show an anomaly at 10-20 % RH units below each cycle
maximum. With d-ND-g the highest RH measurement of a cycle took less time than the same
RH measurement during the next one or two cycles (Fig. 6b), as if prior exposure to the exact
same RH had made adsorption more difficult. This coincides well with the EMC minimum
observed in the isotherms (Fig. 2c), which in combination with the longer step lengths (Fig. 6b)
causes the adsorption rate to reach a local minimum at 10-20 % units below the previous RH
maximum (not shown). Furthermore, also the kinetic effect was lost after the sample had been
exposed to 20 % units higher RH and subsequently dried. Interestingly, the anomaly was not
observed during desorption which indicates that the largest changes in water accessibility occur

during adsorption.

On the SSA comparisons based on N, and H,O adsorption
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The comparison of H,O and N, sorption data (Table 3) brings new arguments to the long-lasting
issue on whether the two methods are comparable. Firstly, strong interactions between adsorbate
molecules is not compatible with assumptions of monolayer coverages or BET theory (Sing
2014). Secondly, water has already been reported to be unsuitable for surface area
determinations for even rather stiff samples (Robens et al. 2004) and cellulose could be expected
to be worse as water can open up structures as it penetrates into soft and hygroscopic matter.
Such penetration creates smaller fractal like porosity or surfaces (Liao et al. 2012; Stone and
Scallan 1966; Stremme et al. 2003) which effectively means that there is no stable “surface” to
be studied due to sample dynamism as RH is being changed. This is supported by observation
that there were no expected changes in isotherm shape or adsorption heat at RH values where
water monolayer should have been completed (Greyson and Levi 1963). Nevertheless, even
recently researchers have been using water as a probe molecule in specific surface area analysis
which has shown high surface areas in comparison to typical nitrogen adsorption data (Espino-
Pérez et al. 2016; Haggkvist et al. 1998; Ioelovich and Leykin 2011; Klemm et al. 1998; Rowen
and Blaine 1947; Zografi et al. 1984). Some of the authors have even used this as a proof for
their conclusions on sample properties. Confusingly, there has also been attempts to correct
nitrogen sorption values closer to water sorption values, which may have differed even by orders
of magnitudes for some systems (Caurie 2012). In fact these differences might be caused by
different sample drying methods as N, adsorption is generally more sensitive to cellulose
aggregations than H,O (Table 3). Especially for the most porous samples our results show
occasionally larger SSA values for H,O than N, adsorption. This brings even more seriously into
question the validity of previously published arguments and conclusions on comparisons

between the two methods.
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Conclusions

Exposing wet cellulosic samples first to low-polar liquids and then to water vapor was shown to
cause various hygroscopic changes. First hygroscopicity was reduced during the low-polar
treatment, when the initial water was removed from the samples with acetone and supercritical
CO,. When the samples were subsequently exposed to water vapor, the fibrils aggregated and the
hygroscopicity was further reduced near the exposure maximum. Nevertheless, sample
hygroscopicity increased at Relative Humidity (RH) values more than 10-20 % RH units below
the maximum. Additionally, the increase was partially reversible in ambient conditions near the
exposure maximum. These changes were likely as a result of surface restructuring back to a more
hygroscopic form as water gradually penetrated and retracted from new locations within the
sample. Interestingly, hornification reduced the observed changes which suggests it can prevent
surface restructuring and especially prevent hygroscopic loss during the low polar treatments.
The procession of hygroscopic changes and hornification were observable with DVS, however,
water adsorption isotherms were shown to be unable to measure cellulosic surface areas,
therefore as a consequence the application of BET or similar methods to water isotherms is
strongly discouraged in cellulose studies. Additionally, the exposure histories should be reported

for cellulosic samples when adsorption studies are published.
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