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Polymericwood hemicelluloses are depicted to join cellulose, starch and chitosan as key polysaccharides for sus-
tainable materials engineering. However, the approaches to incorporate hemicelluloses in emerging bio-based
products are challenged by lack of specific benefit, other than the biomass-origin, although their utilization
would contribute to sustainable material use since they currently are a side stream that is not valorized. Here
wedemonstratewood-xylans as swellingmodifiers for neutral and chargednanocellulosefilms that have already
entered the sustainable packaging applications, however, suffer from humidity sensitivity. The oxidative modifi-
cation is used tomodulate thewater-solubility of xylan and hence enable adsorption in an aqueous environment.
A highmolecularweight grade, hence lesswater-soluble, adsorbed preferentially on the neutral surfacewhile the
adsorbed amount on a negatively charged surface was independent of the molecular weight, and hence, solubil-
ity. The adsorption of the oxidized xylans on a neutral cellulose surface resulted in an increase in the amount of
water in the film while on the negatively charged cellulose the total amount of water decreased. The finding of
synergy of twohygroscopicmaterials to decrease swelling in hydrophilic bio-polymerfilms demonstrates the ox-
idized macromolecule xylan as structurally functional component in emerging cellulose products.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The global increase in the consumption of plastic materials and dis-
pose rate has created a need to transfer from non-renewable feedstock
to renewable ones, without compromising food supply or land use.
Most of the consumable plastics are made from non-renewable fossil
fuels, while only 2% are made from renewable materials [1]. Cellulose
is composed of β-1,4-glycosidic linked glucose units and arranged in
plant cell wall into microfibrils with dimensions in the order of nano
to micrometer [2]. The cellulose microfibrils can contribute to a new
generation of packaging material [3–6]. However, the abundant hy-
droxyl groups of the cellulose lead to interaction with water and make
the material sensitive to humidity [7,8].

Hemicelluloses inwood are bound to cellulosefibrils and are present
in amajority of cellulose products as well [9]. Hardwood hemicelluloses
provide xylans as dominant component while softwood hemicelluloses
are rich in glucomannans. Xylan, which is the focus of this study, is com-
posed ofβ-1,4-linked xylose backbone that can carry substituting glucu-
ronic acid, arabinose, galactose or acetyl units [10]. The hemicelluloses
bound to cellulose have been reported to act as hydration modifiers
ent of Chemistry and Chemical
othenburg, Sweden.

. This is an open access article under
for cellulose nanofibers and contribute to stability in a range of pH and
salt concentrations [11]. There are also implications of hemicelluloses
as friction modifiers for cellulose surfaces [12]. Adsorptive modification
of cellulose substrates has been reported by xylans [13], acetylated xy-
lans [14], arabinoxylans [15–17], xyloglucans [18,19], and
glucurunoxylans [20,21]. Interaction of xylan and cellulose in plant
cell wall have shown to occur through a twofold helical screw confor-
mation, promoting hydrogen bonding, while xylan conformation in so-
lution is a threefold helical screw [22–24]. An adsorbed xylan tends to
stretch to cover unoccupied regions and free adsorbent surface already
at low concentration. Loop and tail conformation of the xylanwas found
more often with increasing concentration [19]. Linder et al. [25] sug-
gested xylan to aggregate in the solution before being adsorbed on cel-
lulose surface. The tendency of xylan aggregation in solution has been
acknowledged by others as well [26,27]. Despite the increasing interest
towards the intrinsic properties of wood hemicelluloses, there are few
demonstrations of their use in materials engineering, for example in
packaging [26,28,29].

In this study, wood-based xylans were incorporated into cellulose
films with the aim to decrease the film hygroscopicity. Film hygroscop-
icity was aimed to be reduced via increasing the linkages between the
macromolecules on the expense of those with water. Periodate oxida-
tion was used to increase xylan water-solubility via cleavage between
C2 and C3 of xylose backbone and alteration of the molecular
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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conformation into poly(2,6-dihydroxy-3-methoxy-5-methyl-3,5-diyl-
1,4-dioxane) [30]. The water-solubility was sought to enable cellulose
film modification via adsorption in water that is an important solvent
system for polysaccharide engineering. Adsorption of oxidized xylans
on cellulose film is elaborated with quartz crystal microbalance with
dissipation monitoring (QCM-D) and surface plasmon resonance
(SPR) with focus on revealing the changes in film swelling upon intro-
duction of the hemicellulose additives. Our findings of increasing mac-
romolecular wood-xylan solubility, of incorporating it to emerging
cellulose products and identifying a structural functionality contribute
towards new class of biological macromolecules for sustainable
engineering.

2. Experimental

2.1. Materials

NaIO4, TEMPO, NaBr, PEI (branched, average Mw 25,000 g/mol) and
NaClO were purchased from Merck and used as received. Cellulose
nanofibers (CNF, plural CNFs) from softwood kraft pulp was a product
of Innventia, Sweden. Relative carbohydrate composition of CNFs was
97±0.5% glucose, 2±0.5%xylose and1±0.1%mannose using acid hy-
drolysis and high performance anion exchange chromatography
(HPAEC). Acid soluble lignin content was 0.9 ± 0.2% determined via
measurement of absorbance at 205 nm utilizing the hydrolysate that
was used in the relative carbohydrate composition analysis. Xylans
from kraft pulping were extracted from beech wood (see details of
this grade in Amer et al. [30]) and birch wood. According to gel perme-
ation chromatography in DMSO/LiBr, the starting xylan from beech
wood was 7,700 g/mol and xylan from birch wood had molecular
weight of 31,000 g/mol. After modification, the molecular weight of
the oxidized xylan was 5,100 g/mol and 13,000 g/mol, respectively.
Hereafter, the oxidized xylan from beech wood will be referred to as
low molecular weight oxidized xylan (LX) and oxidized xylan from
birch wood as high molecular weight oxidized xylan (HX). The degree
of oxidation was determined by measuring UV absorbance at 290 nm
during oxidation [31].

TEMPO-oxidized cellulose nanofibers (TCNFs) were prepared ac-
cording to Saito et al. [32]. In short, a suspension containing 1 g of
CNFs, 0.1mmol of TEMPO and 1mmol of NaBr in 100mlwater was pre-
pared. Then 3.8 mmol of 12% NaClO solutionwas added and pHwas ad-
justed to 10. The suspensionwas stirred at room temperature and 0.5M
NaOHwas added dropwise tomaintain pH at 10 until no further change
took place. The product was dialyzed, the dry matter determined using
an infrared dryer (LJ16, Mettler Toledo) and charge using particle
charge detector (PCD 02, Mütek).

2.2. Carbohydrate composition

Xylans and oxidized xylans were hydrolyzed with 72% sulfuric acid
at 125 °C for 1 h [33]. The hydrolyzed xylans were filtrated through
0.2 μm nylon filter. Fucose was used as internal standard. The xylans
were analyzedwith high performance anion exchange chromatography
with pulsed amperometric detection (HPAEC-PAD) using Dionex ICS
3000 ion chromatography system equipped with a CarboPac PA1 ana-
lytical column.

2.3. Dynamic light scattering (DLS)

Zetasizer (Zetasizer nano ZS90, Malvern) was used for deter-
mining hydrodynamic diameter of the oxidized xylan solutions.
The xylans were dissolved in phosphate buffer solution (PBS,
pH 7.4, 100 mM NaCl) overnight and were filtrated through
0.45 μm nylon filter. Each measurement is an average of 3 mea-
surements. The measurements were performed at 22 °C and with
120 s equilibration time. Refractive index of the oxidized xylan
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was determined using a refractometer (Abbemat 550, Anton
Paar). Hydrodynamic diameter (dH) was calculated form a transi-
tional diffusion coefficient (D) by using Stokes-Einstein equation
(Eq. (1))

dH ¼ kT
3πηD

ð1Þ

where k is Boltzmann's constant, T is absolute temperature and η is vis-
cosity. A number distribution and diffusion coefficientwere determined
from autocorrelation function.

2.4. Film preparation

Thin films for adsorption experiments were prepared by spin coat-
ing on the QCM-D and SPR silicon sensors. A PEI anchoring layer was
electrostatically adsorbed on a sensor surface using 1.6 g/l of PEI solu-
tion. The CNFs and TCNFs were diluted to 1.7 g/l. These suspensions
were sonicated with ultrasound (Vibra-Cell, Sonics & Materials, Inc.)
in ice bath for 5 min and centrifuged at 6,000 rpm for 40 min (ultracen-
trifuge Optima XL-100K, Beckman Coulter). A supernatant was used for
spin coating (Spin 150, SPS) two layers at 3,000 rpm for 60 s. The films
were dried in an oven at 80 °C for 10 min to ensure nanofiber
attachment.

2.5. Quartz crystal microbalance with dissipation

The experiments were performed using QCM-D (Q-Sense E4, Biolin
Scientific) and silicon coated sensors (QSX303, Biolin Scientific). Oxi-
dized xylan grades were dissolved in the PBS buffer (pH 7.4, 100 mM
NaCl) at concentration of 0.01 wt%. Experiments were performed with
100 μl/min flow rate at 22 °C for 2 h.

The film thickness was analyzed according to Tammelin and co-
workers [34] by recording the resonance frequency in air and stitching
together the frequency of the films on the sensors before and after ad-
sorption usingQSoft andQTools softwares. Thickness (d)was calculated
through mass change (Δm) according to Sauerbrey equation
(Eqs. (2) and (3)):

Δm ¼ −C
Δf
n

ð2Þ

d ¼ Δm
ρ

ð3Þ

whereΔf is resonance frequency different, n is an overtone number and
C is a sensitivity constant of sensor which is 0.177 mg/(Hz m2), assum-
ing density (ρ) of 1,500 kg/m3.

An adsorbed mass was calculated according to Eq. (4) derived by
Naderi and Claesson [35] from Johannsmann et al. [36]

bm⁎ ¼ m0 1þbJ fð Þ ρf
2d2

3

 !
ð4Þ

where bm⁎
� �

denotes an equivalent mass,bJ fð Þ stands for complex shear
compliance, which is assumed as constant, ρ the density of the fluid, f
the resonance frequency and d a thickness of the film. A true sensed
mass (m0), which is the adsorbed mass, is obtained from interception
of linear fitting of plot of bm⁎

� �
against f2.

Water content in the films was determined using H2O/D2O sol-
vent exchange [37,38]. Water was introduced to QCM-D flow cell
with 100 μl/min flow rate. After plateau in a baseline was obtained,
water was exchanged with D2O for 5 min before changed back to
H2O. Change in resonance frequency between H2O and D2O of
bare sensor ((Δf/n)bare) and cellulosic film ((Δf/n)film) was re-
corded and Eqs. (5) and (6) were used to calculate the water
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content of the film (Гwater) through resonance frequency change
(Δf/n)water.

Δf
n

� �
water

¼
Δf
n

� �
film−

Δf
n

� �
bare

ρD2O
ρH2O

� �
−1

ð5Þ

Γwater ¼ −C
Δf
n

� �
water

ð6Þ

where ρD2O and ρH2O are the solvent densities, respectively.

2.6. Surface plasmon resonance

SPR Navi 220A (BioNavis Ltd.) was used and films were prepared on
commercial SPR sensors with a SiO2 surface (BioNavis Ltd.) were used
for recording adsorption of oxidized xylans at 10 μl/min and otherwise
with same conditions as the QCM-D analysis. Dry layer thickness was
obtained through modeling of SPR data using Fresnel model [39].
Adsorbedmasswas calculated through themodifiedDe Feijter equation
(Eq. (7)).

Γ ¼ ΔΘ k dp
dn
dc

ð7Þ

where Δθ is the angular response of the surface plasmon resonance, k is
a sensitivity constant of SPR, dp is thickness of adsorbed layer and dn/dc
is refractive index increment of oxidized xylan. For layer thinner than
100 nm, kdp can be considered constant. The kdp for 670 nm and
975 nm are 0.91 × 10−7 cm/° and 1.56 × 10−7 cm/°, respectively. The
dn/dc of HX and LX in the buffer were estimated using a refractometer
(Abbemat 550, Anton Paar), the values are 0.141, and 0.122 ml/g for
HX and LX, respectively.

2.7. Atomic force microscope (AFM)

Topography of films on QCM-D sensors and SPR sensors was investi-
gated with NTEGRA AFM (NT-MDT) with NSG01 tips with resonant fre-
quency of 87–230 kHz and force constant of 1.45–15.1N/m. Topography
images of three positions or more on each specimenwere recorded and
processed using Gwyddion software.

3. Results and discussion

3.1. Oxidized xylans in solution

Periodate oxidation is a well-known modification for polysaccha-
rides [40–42], and it is possible to oxidize xylan to a high degree, with
proposed increased flexibility albeit reduced molecular weight [43],
and increased reactivity to crosslinking [44]. Recycling of the periodate
has been established [45] and leads to a decrease in the reagent con-
sumption and hence cost and environmental burden of themodification
step [46,47]. The non-oxidized HX and LX, composed of approximately
90 wt% of xylose with ≤2 wt% arabinose and glucose residues
(Table 1), were both oxidized to 92% degree of oxidation, as detected
by analysis of the oxidant consumption. The degree of oxidation was
furthermore probedbydetermination of the relative carbohydrate com-
position of the oxidized grades (Table 1). The hydrolysis cleaves the
Table 1
Relative carbohydrate composition of non-oxidized and oxidized xylans.

in wt% Arabinose Galactose Gluco

Non-oxidized HX <1 0 <1
Non-oxidized LX <1 0 2
Oxidized HX <1 0 0
Oxidized LX 1 0 0
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oxidized rings leaving only the non-oxidizedmonosaccharides to be de-
tected. The oxidation reduced the detected xylose monosaccharide by
93 wt% and 95 wt% for HX and LX, respectively, which supports degree
of oxidation determined by the oxidant consumption. Hence, the two
oxidized xylan grades that were used, HX and LX comprised of similar
carbohydrate composition and a high degree of oxidation, leaving the
molecular weight as the differentiating property.

A structure of aldehyde groups on oxidized xylan usually presents as
an aldehyde in dry state, while it converts to a hydrated form in a pres-
ence of water (Fig. 1). The hydrated aldehydes can further form
hemialdal structure by bridging two aldehyde groups with at least one
in hydrated form on C2 and C3 of neighboring unit. As a result, oxidized
polysaccharides are in an equilibrium of hydrated aldehyde form and
hemialdal form in a solution [30,48].

DLSwas used to evaluate thehydrodynamic diameter (dH) of the ox-
idized xylans in the buffer solution. The dH increased with the concen-
tration of oxidized xylans independent of molecular weight (Fig. 2a
and b). The mean average of dH of HX and LX was approximately
3.6 nm and 0.6 nm for 0.01 wt% and 24.4 nm and 1.5 nm for 0.1 wt%, re-
spectively. The shape of the correlation curve indicates higher polydis-
persity of LX grade (Supplementary information Fig. A1).

3.2. Adsorption of oxidized xylan on cellulose films

QCM-D is an acoustic method and the adsorbed mass is the sum of
the absorbate and the solvent in the adsorbing film. The adsorbed
mass calculated from the SPR is based on the refractive index increment
(Eq. (7)) and enables quantification of the mass of the absorbent mole-
cules only. Consequently, the adsorbedmasses determined by SPRwere
lower than those determined by the QCM-D (Fig. 3).

The HX grade resulted in a larger adsorbed amount on the neutral
CNF surface than the LX grade (Fig. 3). Kabel et al. [19] reported that
highmolecular weight xyloglucan adsorbedmore on bacterial cellulose
than lower molecular weight. The molecular weight of macromolecules
affects their solubility aswell as aggregation in a solution and contribute
to the adsorption. The dH of the HX increased by 6.8-fold while the in-
crease in LX was 2.5-fold when increasing the concentration from 0.01
to 0.1 wt%. That is, the increase in concentration affects aggregation of
HX to a larger extent than LX. This implies that the HX grade is less
water-soluble compared to the LX and hence has a preference to the
surface over the solvent. The chain length has also an entropic aspect
to the adsorption. Even though, a surface has an equal affinity towards
different chain lengths, entropy decreases to a larger extent with longer
molecules which is preferable for the system [54].

The negative charges were introduced to the cellulose film by oxida-
tion of the alcohols in the C6 position to carboxylate (TCNFs) and the
initial charge of−35.51 μeq/g increased to−409.58 μeq/g. The presence
of deprotonated carboxyl groups enhance the self-assembly of TCNFs
[49] and can decrease the ionic attraction with adsorbed oxidized
xylan. Indeed, the adsorbed amount based on the QCM-D of the HX
was reduced compared to the adsorption on, the close to, neutral
charged CNF film. The adsorbed amount with LX remained at a similar
level as in the case of CNF films. An effect of adsorbatemolecular weight
was no longer pronounced. A competition between counter-ions and
uncharged oxidized xylan segments for a space on the surface likely
affected the adsorption in terms of balancing entropy gain form the ad-
sorption and maintaining electroneutrality of the surface. The
se Xylose Mannose Total carbohydrates

89 0 90
89 0 91
6 0 7
4 0 5



Fig. 1. Schematic presentation of xylan, oxidized with NaIO4. The oxidation leads to an aldehyde functionality that converts into various forms in solution (denoted in red). The aldehydes
hydrate in presence of water and can further form inter and intra-chain hemialdals.
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introduction of the carboxylates should also increase the affinity be-
tween water and cellulose. The TCNF interface is hypothesized to con-
tain more water than the CNF surface. This would inhibit the
adsorption of molecules whose adsorption is driven by entropy gain
due to lower solubility, such as the HX.

Only the QCM-D adsorption could be evaluated for the TCNF films
because an extremely low amount of oxidized xylans were detected
with SPR for the HX and it did not allow reliable modeling of the
adsorbed mass. However, the mass detected implies that the adsorbed
amount of the HX is low while dissipation level of 1.3 × 10−6 indicates
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Fig. 2. Size distribution by number of HX (a) and LX (b) dispersed in PB
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that the deposited component has a pronounced viscous character fur-
ther indicating that it is swollen. In the case of LX, the mass detected by
SPR was in the same range as determined with QCM-D but with a high
standard deviation.

The development of viscoelasticity of films during adsorption was
revealed by contrasting the change in dissipation (ΔD) to the change
in frequency (Δf) of the QCM-D (Fig. 4). The magnitude of negative fre-
quency correlates with the amount of adsorbed mass. The increasing
dissipation value indicates film viscoelastic property change. Increasing
slope of theΔD/Δf plot can indicate thatmorewater binds to the surface
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S buffer at concentrations of 0.1 and 0.01 wt% determined in 22 °C .
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than adsorbate. The HX adsorption on CNF film was first characterized
by a fast adsorption that is indicated by the reduced density of themea-
surement points recorded at a constant frequency. The mass and the
dissipation increase linearly. The LX adsorption is slower, as indicated
by the uniform density of the measurement points with increasing Δf.
The lower slope indicates that the film is dominated by the elastic com-
ponent compared to the case of HX, thus forming a denser structure. The
DLSmeasurements revealed that the HX assemblies have a larger diam-
eter of hydration in these conditions than the LX. The lowered ΔD/Δf
slope of LX in comparison to HX is taken to support that observation
and to indicate that the HX introduces more water to the system
than LX.

In the case of adsorption on the TCNF film, the dissipation increases
faster with respect to themass than on the CNF substrate. This suggests
that the adsorption of LX or HX on TCNFs leads to films containingmore
water, than those composed of LX or HX and CNFs. However, the ΔD/Δf
curve of the LX adsorption on TCNFs reveals a change in the slope with
higher rate of water uptake at the beginning than in the end. This ten-
dency is opposite to the adsorption on CNFswhere the increase is linear.
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Fig. 4. Change in dissipation (ΔD) versus change in frequency (Δf) of 7th overtone upon
adsorption of HX and LX on CNF and TCNF films.
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The kinetics of the adsorption over time is presented in Supplemen-
tary Information Fig. A2 with the minimum intensity angle shift during
the adsorption in SPR. After the initial higher adsorption rate, the rate
decreases. The adsorption does not reach a plateau within the 2-hour
measurement time andmanifests a slow adsorption of the oxidized xy-
lans on the cellulose surfaces. We note that this was a general tendency
for all the grades and relates to polydispersity of oxidized xylans. Poly-
disperse solutions take a longer time to reach a plateau in adsorption
than monodisperse due to that small molecules diffuse to a surface
faster and adsorb first after which the larger molecules eventually dis-
place the smaller ones [54].

The CNF films were thicker than TCNF films in the dry state (Fig. 5).
This results from the ionic repulsion between the like-charged TCNFs
that leads to a better dispersed suspension [50] and thinner films. SPR
analysis showed similar initial thickness of both films with less than
1 nm difference comparing to the values extracted from the QCM-D re-
sult presented in Fig. 5. In both cases, there was a slight increase in the
film thickness after the adsorption of the oxidized xylans on the surface.
However, even if the increase in mean values indicates a nominal in-
crease in the layer thickness, analysis revealed no statistically significant
change after the LX adsorption on both CNF and TCNF film.

The appearance of the films in AFM analysis was similar indepen-
dent of adsorption or type of oxidized xylan (Supplementary Informa-
tion file Fig. A3). Eronen et al. [51] reported similar results with
arabinoxylans and xyloglucan adsorption on CNF films. There was no
sign of hemicellulose moieties on the surface. These findings imply
that the assemblies are either reorienting during adsorption or do not
contribute enough to the film conformation to be detectable by AFM.

3.3. Water content in the films

A solvent exchange method utilizing the density difference of water
and deuterated water [38] was employed to evaluate the water content
in the neat CNF and TCNF films as well as after adsorption of HX and LX
(Fig. 6). Kittle et al. [37] reported that water amount in cellulose films is
proportional to film thickness. Since the thickness of the CNF and TCNF
films was different, we have converted the water amount to a dry mat-
ter content by considering the initial film mass. The TCNF films
contained more water (73%) than the CNF films (56%) as a result of
charged TCNF network that promotes swelling [52]. Our findings com-
ply to those of Kontturi et al. [53] who found that CNF thin film solid
content in swollen state was below 50%.
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Fig. 5. Film thickness approximation of CNF ( ) and TCNF ( ) films determined from the
QCM-D sensor resonance frequency difference in air.



Fig. 6. Percentage of solid ( ) and water ( ) compositions of CNF film (left) and TCNF film (right). The film solid content was calculated using Sauerbrey equation [34] and the water
amount was determined according to method by Kittle et al. [37].
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As a result of adsorption of the HX on the CNF film, the amount of
water in the film increased from the 56% to 58% and to 57% with LX ad-
sorption. Similar increase in the amount of water in the CNF film was
observed by comparing the QCM-D and SPR response. It enabled quan-
tification of the water and indicated that the film of LX adsorbed on
CNFs contained 0.59 mg/m2 water and HX, 1.74 mg/m2.

In the case of the TCNF film, the amount of water in the film de-
creased with both HX and LX adsorption from the 73% to 63% and 61%,
respectively. Adsorption of uncharged polymers on charged surfaces
leads to suppression of the electric double layer and can also be associ-
ated bymovement ofwater.We hypothesize that the adsorbed oxidized
xylanwas able to replace water in the film resulting in the observed de-
crease in the amount of water in the films. Similar behavior did not take
place with the neutral CNF film possibly because the film is less swollen
than the adsorbate and hence the adsorption leads to increase in the
water content.

While comparing the hydration of the films, one needs to bear in
mind that since the TCNF films were thinner than the CNF films, but
the LXadsorbed to CNFs and theHXand LXadsorbed to TCNFswith sim-
ilar adsorbed mass on (Fig. 3), the ratio of the adsorbate to the film is
higher in the case of the TCNFs. This can be a contributor in the more
pronounced modulation of the hydration in the films. The difference
in the solid matter to water ratio can be observed in Fig. 6.

Kontturi et al. [53] have reported that adsorption of cationic polyelec-
trolyte on nanocellulose films reduced the water content 10–20% while
adsorption of anionic carboxymethyl cellulose led to swelling of the
films and increased the retained water in the thin film with almost 50%.
Here we see smaller changes, however, the molecular weight of the oxi-
dized xylans (<10,000 g/mol) were much lower than those reported by
Kontturi et al. (300,000 g/mol) [53]. Hence,we suggest that themolecular
weight, adsorbed amount and charge in the system are intertwined fac-
tors that define the swelling and deswelling of cellulose thin film system
and the increase inmolecularweight of the xylan can be the next step to-
wards valorization of wood xylans in the emerging materials.

4. Conclusions

The underutilized wood-xylans were rendered more water-soluble
than the non-oxidized grades and could be adsorbed from aqueous con-
ditions on neutral and negatively charged cellulose films. The adsorbed
molecules reduced the amount of water in the charged films indicating
that the oxidized xylanmolecules have potential to reduce the swelling
of the charged TCNF film. Furthermore, we conclude the following
regarding fundamental characteristics of the xylans in solutions and at
interfaces. The xylans were incorporated into films of CNFs via adsorp-
tion whose extent was found to be defined by molecular weight of the
758
oxidized xylan and the cellulose film charge. The molecular weight
was found to be the underlying factor to determine water-solubility
and was indicated by that the dH of the HX oxidized xylan was more
sensitive to increase in concentration than the LX grade. We take the
lower solubility as the reason for that the HX oxidized xylan adsorbed
more on the cellulose substrate than did the LX grade. The adsorption
of the HX grade was reduced on a negatively charged cellulose surface
compared to the adsorption on the neutral surface indicating that the
adsorption on the charged surface is governed by the electrostatic inter-
actions as well. The assembly of these bio-based macromolecules at the
water-rich cellulose interface is slow, which is due to the inherent poly-
dispersity of the native molecules. The use of polymeric wood-xylans in
materials engineering has been challenged by a lack in benefit in final
product properties but also low water-solubility of the biomass mole-
cules. Here we initiate endeavors of using oxidation for facilitating
both solubility and providing functionality to xylans to valorize them
in materials engineering.
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