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ARTICLE INFO ABSTRACT

Keywords: Xylan is primarily found in the secondary cell wall of plants providing strength and integrity. To take advantage
Hemicelluloses of the reinforcing effect of xylan in papermaking, it is crucial to understand its role in pulp fibers, as it undergoes
Paper substantial changes during pulping. However, the contributions of xylan that is added afterwards (extrinsic) and
Enzymatic degradation . S . . y

Adsorption xylan present after pulping (intrinsic) remain largely unexplored. Here, we partially degraded xylan from refined

bleached softwood kraft pulp (BSKP) and adsorbed xylan onto BSKP. Enzymatic degradation of 1 % xylan
resulted in an open hand sheet structure, while adsorption of 3 % xylan created a denser fiber network. The
mechanical properties improved with adsorbed xylan, but decreased more significantly after enzymatic treat-
ment. We propose that the enhancement in mechanical properties by adsorbed extrinsic xylan is due to increased
fiber-fiber bonds and sheet density, while the deterioration in mechanical properties of the enzyme treated pulp
is caused by the opposite effect. These findings suggest that xylan is decisive for fiber network strength. However,
intrinsic xylan is more critical, and the same properties cannot be achieved by readsorbing xylan onto the fibers.
Therefore, pulping parameters should be selected to preserve intrinsic xylan within the fibers to maintain paper

Mechanical properties
Bleached softwood kraft pulp

strength.

1. Introduction

Woody biomass contains 40-50 % cellulose, 25-35 % lignin, and
20-35 % hemicellulose (Bajwa et al., 2018). Plant hemicellulose consists
primarily of xylan, which features a large structural variety depending
on the plant species from which it is obtained. Both hardwood and
softwood xylans consist of a backbone of p-1,4-linked D-xylose units
with 4-O-methyl-glucuronic acid (MeGlcA) side groups (Ebringerova &
Heinze, 2000; Shimizu, 1991). Hardwood xylans additionally contain O-
acetyl groups, while softwood xylans contain 2-linked a-L-arabinofur-
anosyl units (Ebringerova & Heinze, 2000; Pawar et al., 2013; Shimizu,
1991).

In the plant cell wall, the substitution pattern of these side groups
closely correlates to the binding of xylan to cellulose microfibrils (Busse-
Wicher et al., 2014; Wierzbicki et al., 2019). In hardwoods, the xylan
regions, where the side groups are evenly spaced, interact with the

* Corresponding author.

hydrophilic side of cellulose microfibrils via hydrogen bonding. The
xylan regions of unevenly spaced side groups interact with the hydro-
phobic side of the cellulose microfibrils and act as a linker between these
(Busse-Wicher et al., 2014; Wierzbicki et al., 2019). A distinct substi-
tution pattern was also reported for the arabinosyl and MeGlIcA side
groups in softwood xylan, showing that xylan binds to the hydrophilic
side of the cellulose microfibril (Busse-Wicher et al., 2016).

During chemical pulping and bleaching lignin is dissolved; yet cel-
lulose and hemicellulose are also significantly modified and depoly-
merized. During alkaline cooking, xylan is partially dissolved in the
early phase of cooking and is depolymerized by peeling reactions
(Danielsson & Lindstrom, 2005). The rate of xylan dissolution depends
on the amount of side chain substitutions; the fewer the substitutions,
the more susceptible xylan is to peeling reactions. These reactions
further accelerate the degradation of xylan during the cooking process.
Only small amounts of xylan are redeposited onto the fiber surface
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during pulping (Jacobs & Dahlman, 2001). In addition, during kraft
pulping, the MeGlcA residues of xylan are mainly converted into 4-deox-
yhex-4-enuronic acid (HexA) groups (Jacobs & Dahlman, 2001;
Johansson & Samuelson, 1977). These HexA groups are then degraded
during elemental chlorine free (ECF) bleaching, so that only about 12 %
of the MeGlIcA side groups remain after bleaching (Bergnor-Gidnert,
1998; Buchert et al., 1995; Sjoberg et al., 2004). Apart from the
degradation of the HexA groups during bleaching, the MeGlcA and
arabinose side groups are relatively stable (Buchert et al., 1995).

After processing of wood to papermaking fibers, some xylan remains
in the pulp fiber matrix, which contributes substantially to pulp quality
and paper properties. Significant differences in paper properties become
apparent depending on the fiber surface composition, such as xylan
distribution and abundance, chemical composition, and molecular mass
distribution (Henriksson & Gatenholm, 2002; Jacobs & Dahlman, 2001).
Modification of pulp fibers via xylan adsorption and its effect on tensile
strength, fiber-fiber bonding (Miletzky et al., 2015), wettability, horn-
ification, and beatability have been intensively studied (Ban & Van
Heiningen, 2011; Danielsson & Lindstrom, 2005; Han et al., 2012;
Henriksson & Gatenholm, 2002; Kabel et al., 2007; Kohnke et al., 2010;
Kontturi et al., 2021; Laine et al., 1997; Linder et al., 2003). In general,
the adsorption of xylan enhances the mechanical strength of paper
sheets, which has been attributed to a strengthening of the fiber-fiber
joints due to two mechanisms. First, the increased swelling capacity of
xylan, causing xylan to act like a glue (Pettersson & Rydholm, 1961;
Rydholm, 1965). The pronounced tendency of xylan to swelling
compared to cellulose microfibrils can be explained by the higher flex-
ibility of xylan as well as by an increased surface charge due to the xylan
side chain substitutions (Eriksson et al., 1991; Laine et al., 1997). Sec-
ondly, studies with xylan adsorption on cellulose thin films revealed that
xylan is particularly effective in increasing the fiber-fiber bond strength
in the presence of bivalent cations, i.e. Ca®t (Rohm et al., 2014).
Furthermore, xylan is affecting the paper network properties. As wetting
increases, the flexibility of the fibers increases, which promotes con-
formability and leads to denser paper sheets with higher bonded area
and thus higher tensile strength (Laine et al., 1997). This effect seems to
be more pronounced with hardwood than with softwood fibers.

These findings suggest that swelling, flexibility and mechanical
properties deteriorate as xylan is removed from the pulp fibers. To
remove xylan without altering the cellulose matrix, xylanases can be
employed. Xylanases selectively hydrolyze the 1,4-p-D-xylosidic link-
ages of the xylan backbone under mild conditions. Despite the
assumption that the access to xylan in pulp fibers is limited, these small
enzymes (<30 kDa) have been found to act on both the surface and inner
cell walls of pulp fibers (Paes et al., 2012; Suurnakki et al., 1996).
Although mechanical strength was expected to decrease after xylanase
treatment, it was observed that strength properties remained unaffected,
while the consumption of bleaching chemicals and energy for refining
could be reduced (Bajpai et al., 1994; Garg et al., 1998; Przybysz Buzata
et al., 2018; Rodell Lundgren et al., 1994; Roncero et al., 2003). Thus,
the question of the effect of xylan on the strength properties of pulp fi-
bers and the resulting hand sheets remains and there are only few studies
(Schonberg et al., 2001) that directly compare the effects of adding and
removing xylan from the same pulp.

In this work, we focus on the role of xylan in pulp fibers to elucidate
the contribution of xylan to pulp and paper properties and the under-
lying mechanisms. The hypothesis was that the influence of xylan on
hand sheet properties depends not only on the total xylan content and
total fiber charge, but also on if the xylan is intrinsic to the pulp or
extrinsic, that is, added afterwards. Therefore, we partially degrade
xylan from refined ECF bleached softwood kraft pulp (BSKP) with an
endo-p-xylanase and adsorb beechwood xylan onto refined BSKP. A
commercially available polymeric beechwood xylan with 11 % MeGlcA
side chain substitution was chosen for the adsorption studies to increase
the overall charge. However, differences in molecular mass and degree
of substitution (amount of MeGlcA groups, HexA groups, and presence/
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absence of arabinofuranosyl groups) of the remaining hemicelluloses in
the BSKP are expected. Adsorption was performed under mild conditions
compared to pulping to ensure that the composition and morphology of
the cellulose fibers were not altered and that the resulting changes in
material properties were solely attributable to the altered xylan. Xylan
was degraded with a selective xylanase that did not affect the cellulose
composition, as demonstrated by Przybysz Buzata et al. (2018). After
characterizing the pulp (drainability, water retention value, fiber sur-
face charge, fiber morphology), hand sheets were formed and surface
topography, optical (brightness, color), barrier (air permeability), and
mechanical (tensile properties, short-span compression strength, inter-
nal bond strength, zero-span tensile strength) properties were investi-
gated. Our findings contribute to fill the knowledge gap of the role
played by xylan in pulp fibers and enables to establish a strategy for
delivering a target xylan composition and concentration in chemical
pulp.

2. Experimental
2.1. Materials

Dried, ECF fully bleached softwood kraft pulp (BSKP; 85 % spruce,
10 % pine, 5 % larch) was kindly provided by Zellstoff Pols AG (Austria)
having ISO brightness of 88 % and a lignin content below 0.15 %. The
degree of polymerization (DP,) of the BSKP was 3200 (intrinsic viscosity
was determined according to ISO 5351 and converted to DPy with the
Mark-Houwink-Sakurada equation according to Kes and Christensen
(2013)). Beechwood xylan with a 11 % glucuronic acid O-methyl sub-
stitution (monosaccharide composition xylose:glucuronic acid:other
monosaccharides = 86.1:11.3:2.6, purity >95 %, molecular mass: M,
18.5 kDa, My 23.8 kDa, My/Mj, 1.3) (Palasingh et al., 2022) and endo-
1,4-p-D-xylanase from Neocallimastix patriciarium (UNIPROT accession
no. P29127; GH11) were purchased from Megazyme International
(Ireland). Hydrogen peroxide (H202, 30 % in water) was purchased from
Carl Roth, sulfuric acid (H2SO4, > 95 %) and sodium hydroxide (NaOH)
were purchased from VWR  Chemicals. Cationic  (poly-
diallyldimethylammoniumchloride (polyDADMAC), 0.001 N, Mw
107,000 g-mol™') and anionic (polyanetholesulfonic acid sodium salt
(PAT), 0.001 N, Mw 9,000-11,000 g~mol_1) standard solutions for
polyelectrolyte titration were purchased from BTG Instruments AB
(Sweden). All above-mentioned chemicals were used as received.

2.2. Pulp refining

BSKP was soaked overnight in a 1:1 mixture of distilled water and tap
water and then refined for 45 min in a valley beater according to ISO
5264-1. The refined pulp suspension, with a consistency of 1.57 % was
directly proportioned into 8.3 L compartments for the subsequent ex-
periments. Refining was carried out in two batches, the first batch being
used for the whole xylan adsorption blank (blanky) and the whole xylan
adsorption (X) experiments, and the second batch for the whole enzy-
matic degradation blank (blankg) and the whole enzymatic degradation
(E) experiments.

2.3. Engymatic degradation

The refined BSKP suspension (8.3 L, consistency 1.57 %) was poured
into a vessel placed in a water bath. Temperature was adjusted to 50 °C
and pH to 6 to provide optimal conditions for the enzyme. Once the
conditions were met 1 mL of endo-xylanase stock solution (10,000
U-mL~!) was slowly added to the suspension and stirred at 190 rpm for
2 h. Then 8.8 mL H50, (30 wt% in water) were added to deactivate the
enzyme. After stirring thoroughly for 1 min, the pulp suspension was
characterized and twelve hand sheets were formed. The blank experi-
ment (blankg) was performed following the identical procedure just
without addition of an enzyme.
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2.4. Xylan adsorption

Beechwood xylan was swollen with 1 M NaOH overnight and dis-
solved in 1 M NaOH at a concentration of 50 mg-mL ! the next day. The
refined BSKP (8.3 L, consistency 1.57 %) was poured into a vessel and
pH was adjusted to 7 with 1 M HySO4. The dissolved xylan was added to
the suspension and then stirred thoroughly for 1 min. The pH was then
adjusted to 7 with 1 M HSO4. After stirring at 190 rpm for 2 h, the pulp
suspension was characterized and twelve hand sheets were formed. The
blank experiment (blanky) was performed equivalently to the xylan
adsorption experiment by adding only 1 M NaOH (without xylan) to
ensure that the resulting changes in pulp properties were not due to the
treatment with alkali and acid.

2.5. Pulp characterization

2.5.1. Carbohydrate composition

Carbohydrate composition of all pulps was determined via hydrolysis
in 72 % sulfuric acid according to Theander and Westerlund (1986) and
monosaccharides were determined by using high performance anion
exchange chromatography (HPAEC). This equipment uses a Dionex™
ICS-5000 ion chromatography system equipped with a CarboPac™ PA1
analytical column and an electrochemical detector, using NaOH and
NaOH/NaOAc as eluents. Fucose was used as internal standard. The
software used to analyze the peaks was Chromeleon™ 7, Chromatog-
raphy Data System, v7.1.0.898. The quantified saccharides were cor-
rected by hydrolysis yield (Wojtasz-Mucha et al., 2017).

2.5.2. NMR spectroscopy

The NMR spectra of the differently treated BSKP samples and of the
commercially obtained xylan were recorded on a Bruker NMR AV III 400
spectrometer at an acquisition temperature of 65 °C. The materials were
characterized by quantitative 'H, diffusion-edited 'H, and multiplicity-
edited 'H-13C HSQC experiments. The pulps were prepared in a
[P4444]1[OAc]:DMSO-dg (1:4 wt%) electrolyte following published pro-
tocols (Fliri et al., 2023; King et al., 2018; Koso et al., 2020). In com-
parison to previous reports the measuring concentration of the pulps had
to be reduced from 5 wt% to 2.5 wt%, in order to obtain solutions with
suitable viscoelastic properties. This is a consequence of the high mo-
lecular mass of the pulp samples (DPy: 3200). The beechwood xylan was
measured at a concentration of 5 wt%. Additionally, spectra in DMSO-dg
were recorded, to assure the stability of the material in the used elec-
trolyte. Chemical shifts are reported in parts per million (ppm) down-
field relative to the residual proton of DMSO-ds. The obtained spectra
are summarized in the Supplementary Information (Figs. S1-S18).

2.5.3. Total fiber surface charge

The total surface charge of the fibers was determined by poly-
electrolyte titration using a Charge Analyzing System (AFG Analytic
GmbH, Germany). The fibers (0.25 g dry mass) were immersed in 50 g
0.001 N cationic titrant (polyDADMAC, 107,000 g-mol~!) containing
0.01 M NaCl and stirred for 1.5 h. The solids (fibers and fines) were
removed via repeated filtration through a very fine nylon sieve until the
filtrate was clear and the filtrate was allowed to settle overnight. 10 mL
of the filtrate was titrated with 0.001 N anionic titrant (PAT) until the
streaming potential reached 0 mV. The titration rate was dynamically
controlled at a maximum rate of 0.3 mL-min'. In addition, 10 mL of
0.001 N cationic titrant was titrated with the anionic titrant to the
neutral point to determine the blank value. Three titrations were per-
formed per sample. The fiber surface charge q (mmol-kg™!) of the sus-
pensions was calculated according to Eq. (1), where Vg is the titration
volume (mL) used for the fibers, V}, is the titration volume (mL) used for
the cationic titrant blank titration, c is the concentration of the titrant
(mol~L_1), and m is the corresponding amount of dry mass of the pulp (g)
(Bhardwaj et al., 2004). The total surface charge of the fibers is given as
an absolute value of q and will be referred to as a surface charge.
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2.5.4. Drainability, water retention value, and fiber characteristics

The drainability was determined according to the Schopper Riegler
method (ISO 5267-1) measuring three samples and the water retention
value was determined according to ISO 23714 measuring four samples.
Fiber morphological characteristics of all pulp suspensions were deter-
mined using an L&W Fiber Tester Plus (ABB, Sweden) according to ISO
16065-2 by measuring >15,000 individual fibers per sample with three
repetitions per sample.

2.6. Hand sheet preparation

All pulps were disintegrated (ISO 5263-1) and hand sheets were
formed on a Rapid-Kothen sheet former (Frank PTI, Germany) using
white water recirculation according to ISO 5269-2. Twelve hand sheets

were formed per pulp with a basis weight of 80 g-m~2,

2.7. Hand sheet characterization

Prior to testing, all hand sheets were conditioned for at least 24 hin a
climate room at 23 °C and 50 % relative humidity according to ISO 187.
Thickness and apparent sheet density were determined according to ISO
534 with at least 14 measurement points. Optical properties of hand
sheets such as opacity (C2), brightness and color (C2) were determined
according to ISO 2471, ISO 2470-1, and ISO 5631-1, respectively, with
16 measurement points per analysis. Air permeability according to the
Bendtsen method was measured according to ISO 5636-3 with at least 14
measurements. Tensile properties were determined according to ISO
1924-2 with a tensile tester (FRANK-PTI, Germany) with at least 14
measurements. Short-span compression (SCT) was determined accord-
ing to ISO 9895, and Scott Bond internal bond strength was determined
according to ISO 16260 with at least 14 measurements each. Zero-span
tensile strength was determined according to ISO 15361 with a Z-Span™
1000 (Pulmac, USA) measuring at least 14 samples each. Surface
morphology of the fibers was determined by atomic force microscopy
(AFM) using a FastScan Bio atomic force microscope (Bruker, USA)
operated by a Nanoscope V controller. Antimony doped silicon canti-
levers (RTESPA-150 from Bruker, USA) with a nominal spring constant
and tip radius of 6 N-m ™! and 8 nm, respectively, were used in tapping
mode. Image processing was performed with Gwyddion v2.58 software.
Scanning electron microscopy (SEM) images were recorded by means of
a Sigma VP (Zeiss, Germany) in low-voltage mode (acceleration voltage:
0.7 kV) and detected with an in-lens detector and SE2 detector. The hand
sheets were coated by sputter deposition with a 3.5 nm layer of iridium
with an ACE600 sputter-coater (Leica Microsystems, Wetzlar,
Germany).

3. Results and discussion
3.1. Chemical characterization

The chemical composition of the pulps was examined by carbohy-
drate analysis, solution state NMR spectroscopy and surface charge ti-
trations, to investigate the influence of the different treatments on the
xylan content and to connect it to changes in the materials properties.
This represents a considerable analytical challenge, as the xylans in the
focus of our study are only a minor component of the pulp fibers and the
hand sheets and both the enzymatic degradation and the performed
adsorption steps are not expected to drastically change the overall
composition of the bulk material. Nonetheless, these small changes in
composition, particularly on the fiber surface, can have a profound
impact on the material properties.

The monosaccharide analysis of the pulps showed that both blanks
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had a similar, yet not equal xylan content (blank after enzymatic
degradation blankg: 9.6 % and blank of adsorption experiment blanky:
9.9 %). Thus, small amounts of xylan seem to be removed by dissolution
during the treatments (Table S1). For the enzymatically treated pulp E
(xylan content: 8.5 %), a degradation of approximately 1 % xylan was
observed compared to blankg. For pulp X (xylan content: 12.9 %) where
beechwood xylan was adsorbed, an increase in xylan content of 3 % was
determined compared to blanky. Additionally, for all pulps mannoses
were present in the hydrolysates. Thus, besides xylans, as expected, also
glucomannans were present in the pulp, with contents ranging from 8.8
to 9.4 %. In contrast, the lignin contents were found to be insignificant
and were excluded from the compositional analysis (Table S1).

To cross validate the data of the monosaccharide analyses and to
investigate the side chain substitution in the xylans, the pulps were
additionally examined by solution state NMR spectroscopy protocol
using an ionic liquid ([P4444][OAc]) in DMSO-dg (1:4 wt%) as dissolving
medium (Fliri et al., 2023; King et al., 2018; Koso et al., 2020). Owing to
the high molecular mass of the pulp samples, a lower measuring con-
centration than reported in the original protocol had to be applied,
resulting in a reduced signal to noise ratio. Furthermore, this led to
broad peaks, which additionally superimposed with the hemicellulose
signals. Instead, semi-quantitative and qualitative information could be
obtained from the respective diffusion edited 'H and 'H-'3C HSQC ex-
periments. Comparison of the relative peak intensities of the anhy-
droglucose unit (AGU) C1-H at 4.40 ppm and anhydroxylose unit (AXU)
C1-H at 4.20 ppm moieties in the diffusion edited 'H spectra for the
enzymatic degradation (blankg vs E; Fig. 1a) and the xylan adsorption
(blankx vs X; Fig. 1b) experiments aligned with the changes in xylan
content observed in the monosaccharide analysis. However, it must be
considered that the intensities in the diffusion edited spectra are influ-
enced by the molecular mass of the examined polymers (Fliri et al.,
2023). The peak intensities of lower molecular mass constituents are
heavily overestimated, which is evident in the similar peak heights of
the AGU and AXU moieties in the spectra (Fig. 1). Thus, depolymer-
ization reactions during the sample treatment might influence the peak
ratios but those were not analyzed here. To investigate the adjacent side
chains, the hemicellulose peaks in the pulps were compared with the
commercially obtained beechwood xylan. As expected, no acetyl groups
were present in the softwood xylans. The MeGlcA groups in the
commercially obtained xylan showed two characteristic peaks for the
C1-H moiety (*H: 4.78 ppm / 13C: 98.3 ppm) and the methyl group (*H:
3.39 ppm / '3C: 58.2 ppm) in the HSQC spectra, which did not overlap
with other pulp constituents. Compared to values reported in a previous
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NMR spectroscopic study on plant cell wall constituents (Cheng et al.,
2013) the peaks were shifted to lower frequencies, especially in the 'H
dimension. Besides the differences in the employed dissolving media,
presumably the higher measuring temperature of 65 °C used in this
study (compared to 25 °C) influenced the shifts. In the pulp, no MeGlcA
moieties could be detected. Only, the X sample featured MeGlcA signals
referring to a small peak for the adjacent methyl group (*H: 3.39 ppm /
13C: 58.2 ppm, see Fig. S18) in the HSQC and a minor signal in the
diffusion edited 'H spectra (*H: 4.78 ppm, see Fig. 1b). This indicates
that, no substantial amounts of MeGlcA groups were present in the
BSKP, otherwise they would have been visible in the NMR spectroscopy
experiments. Contrary to what has been suggested in the literature
(Jacobs & Dahlman, 2001; Johansson & Samuelson, 1977), most of the
MeGIcA groups in the BSKP were either cleaved off or converted to HexA
groups during kraft pulping and subsequently cleaved off in the ECF
bleaching process. Instead in the diffusion edited *H spectra of all pulps
an additional peak at 5.24 ppm was present, with a weak coupling at
107.3 ppm in the HSQC experiments. This signal is in agreement with
reported values of the C1-H moiety of arabinofuranosyl (Araf) side
chains (Cheng et al., 2013). Furthermore, a peak at 4.57 ppm was
visible, which can be assigned to the glucomannans present in the pulps
(Holding et al., 2016).

Xylan is a negatively charged macromolecule as it carries carboxylic
acid groups. Thus, the fiber surface charge of the pulps is expected to
increase when such groups are added to the pulps. The surface charge of
the pulps was similar for the blanks (Fig. 2a; Table S2). Adsorption of 3
% xylan increased the surface charge by 64 % (from blanky: 53 + 5
mmol-kg ™! to X: 87 + 5 mmol-kg ™). In contrast, degradation of approx.
1 % xylan resulted in a decrease in surface charge of only 15 % (from
blankg: 54 + 6 mmol-kg™! to E: 46 & 5 mmol-kg1). This value agrees
well with Schonberg et al. (2001), who determined a 7 % decrease in
surface charge for a 0.5 % xylan degradation. The decrease in the surface
charge in the enzyme treated pulp E is comparatively smaller than the
increase in the xylan adsorbed sample X, which correlates with the NMR
spectroscopy results, where no MeGlcA groups were detected in the
BSKP, hence indicating that the intrinsic xylan in the BSKP is less
charged than the pulp after (re)adsorption of xylan. Furthermore, the
used xylanase requires three consecutive unsubstituted xylose units to
cleave the xylan backbone one linkage before the MeGlcA-substituted
xylose unit (Biely et al., 2016; Paeés et al., 2012). Assuming that there
are only a few MeGIcA substitutions left in the BSKP xylan (below the
detection limit of NMR spectroscopy), enzymatic degradation would
result in shortening of some xylan chains but only minor degradation of

200 T T
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Fig. 1. NMR spectroscopy showing diffusion edited H spectra with a zoom into the characteristic C1-H spectral area ([P4444][OAc]:DMSO-dg, 1:4 wt%; 400 MHz;
65 °C) for the enzymatic degradation and xylan adsorption experiments. a) Comparison of blankg with E shows a relative reduction of the AXU intensity as expected
for the enzymatic treatment. b) After the performed xylan adsorption, the relative peak intensity of the AXU moiety increases from blanky to X. All spectra referenced
and normalized to the C1—H resonance of the AGU moiety (4.40 ppm). Peak assignments based on comparison with the spectra from commercial beechwood xylan
or with literature values (Cheng et al., 2013; Holding et al., 2016). The minor unassigned peaks are either caused by other hemicellulose components or branched
AXU moieties. With the used experimental setup, it was not possible to further assign them.
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Fig. 2. a) Surface charge of all pulps, determined by polyelectrolyte titration, shows a 64 % increase for X and only a 15 % decrease for E. b) Drainability according to
the Schopper-Riegler method is reduced for X. ¢) Water retention value shows an 8 % increase for X.

xylan, consistent with the decrease in xylan content of about 1 %. The
term intrinsic xylan refers to xylan originally derived from the wood
from which the pulp was made, meaning that the xylan has already
undergone changes in chemical composition and specific location
depending on the relevant pulping conditions. In contrast, extrinsic
xylan refers to xylan added after pulping.

3.2. Drainability is reduced while WRYV increases for xylan adsorbed pulp

The BSKP was refined prior to the treatments to achieve a larger
surface area that facilitates enzyme access and increases the surface area
for xylan adsorption. The drainability expressed as Schopper Riegler
number [SR] with higher SR values indicating a reduced drainability,
was 21.1 £ 0.2 °SR for blankg and 22.9 + 0.1 °SR for blanky (Fig. 2b).
This difference in drainability can be explained by the fact that they
were refined in a different batch and slight variations between batches
were to be expected. The dewatering ability is slightly reduced for the
xylan adsorbed pulp (from 22.9 + 0.1 °SR for blankx to 24.7 &+ 0.1 °SR
for X), which was also the case in the literature (Silva et al., 2015).
Overall, however, the pulp treatments appeared to have little effect on
drainability. Water retention values (WRVs) were similar for all pulps
(blankg: 1.16 g-g ™1, E: 1.18 g-g ", and blanky: 1.23 g-g™1), except for X,
where a higher value of 1.33 g water per g pulp was obtained, corre-
sponding to an increase of 8 % for X compared to blanky (Fig. 2¢). This
indicates that the xylan-containing pulps have a higher water retention
capacity, stemming from their higher swelling capacity, which is widely
accepted in literature (Eriksson et al., 1991; Han et al., 2012; Pettersson
& Rydholm, 1961; Rydholm, 1965). However, in pulp E, the WRV did
not decrease with the degradation of about 1 % of xylan, which was also
the case in the literature (Schonberg et al., 2001). It can be speculated
that the xylan removed from the fiber wall is leaving behind pores that
can be filled with water, thus preserving the water retention capacity.

3.3. Fiber morphology remained unchanged

Furthermore, the fiber morphology was investigated. The weight-
weighted mean values of the fiber properties were used because the
plain mean values are mainly reflecting the number of fine particles in
the pulp instead of describing the fiber properties, hence the weight-
weighted mean values also correspond best to the sheet properties
(Pulkkinen et al., 2006) (Table S3). Length and width of the pulp fibers
were essentially equivalent, ranging from 3.21 to 3.25 mm and 32.9 to
33.1 pm, respectively. The fines content varied somewhat and was
highest for the X fibers and lowest for the blankg fibers, which is in
agreement with the measured drainability values. The weight-weighted
fiber distributions of all pulps show no clear differences among them
(Fig. S19). Coarseness, which is a measure of the change in fiber mass
per unit length, is an important pulp property for dewatering, optical
properties and strength of the dry paper sheets (Pulkkinen et al., 2006).
Similar values were obtained for the coarseness of the fibers, which
ranged from 133 to 137 pg-m~! (Table $3). Curl, mean-kink-angle, and
fibril area gave comparable values for all pulp fibers with only slightly

increased values for X (Table S3). In summary, addition and removal of
xylan - as expected — did not change the fiber morphology.

3.4. Enzymatic treatment exposes the fibrils and creates a less dense fiber
network

Even though no significant differences in the paper technical prop-
erties were determined for the individual fibers of all pulps, a closer look
was taken at the fiber surface topography by AFM. Images Fig. 3a-
d provide a qualitative indication of the structural differences after xylan
degradation and xylan adsorption, and were selected as representative
of the respective fiber surface (see Fig. S20 for a summary of the images
acquired). Looking at the surface morphology of E, the fibrils appear to
be less embedded in the fiber matrix and more exposed, which could be
due to surface xylan degradation or preferential cleavage of the xylan
domains between individual cellulose fibrils. No major differences in
surface morphology were observed in the blank samples (blankg and
blankx) and X by AFM. However, investigating pulp fibers by AFM
presents some challenges, such as the anisotropic properties and
roughness of the fiber surface, which can lead to artifacts or distortions
on the images. Therefore, we also acquired SEM images of fiber-fiber-
transitions and the fiber surface (Fig. 3 e-l, Figs. S21, S22). The fiber
network, which in the context of this work corresponds to the network of
the hand sheets, appears overall smoother in E (Fig. S21d) than in blankg
(Fig. S21b). This smoothing effect results from a higher proportion of
fibrils on the surface, which only become visible at higher magnifica-
tion. In addition, at a magnification of 1 kx (Fig. 3e,f), the pits show only
a slight distortion in blankg, whereas they appear frayed in E, indicating
partial degradation by the enzyme. At higher magnifications of 20 and
50 kx (Fig. 3i,j and Fig. S22a,b), the fibrils appear likewise more
prominent in E than in blankg.

When looking at the fiber network of blanky (Fig. S21e,f) and X
(Fig. S21g,h) at a low magnification, no clear differences are apparent.
The mechanism of xylan adsorption onto cellulose fibers was proposed
already in the early 2000s showing that xylan is partially aggregating in
aqueous solutions. These pre-formed aggregates then adsorb to the
cellulose surface by interactions between the unsubstituted, linear re-
gions of the xylan chains (Henriksson & Gatenholm, 2001; Linder et al.,
2003; Linder & Gatenholm, 2003; Qaseem & Wu, 2020). Only at a
higher resolution of 20 kx (Fig. 31) these aggregates become visible on
the fiber surface, confirming that the adsorption of xylan occurred likely
onto the fiber surface.

3.5. Xylan adsorption increased the sheet density, while enzymatic
degradation led to a decrease in sheet density

The hand sheets had similar thicknesses of 122 to 128 pm with slight
variations in density (Fig. S23a; Fig. 4a, Table S4). The density
decreased by 1.7 % from 0.642 + 0.005 g-cm > for blankg to 0.631 +
0.003 g-cm 3 for E and increased by 2.0 % from 0.642 + 0.003 g-cm >
for blanky to 0.655 =+ 0.004 g-cm™> for X. This 2 % increase in sheet
density for X indicates that the addition of xylan results in a denser
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Fig. 3. AFM height images (5 x 5 pmz) of a) blankg, b) E, c) blanky, and d) X show more exposed fibrils for E. SEM images with a magnification of e-h) 1 kx and i-1)
20 kx of blankg, (e and i), E (f and j), blanky (g and k), and X (h and 1) recorded with a signal overlay from in-lens detector and SE2 detector (ratio: 45/55) showing a

higher share of fibrils in E and adsorbed xylan aggregates for X.
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Fig. 4. a) Density of all hand sheets decreases by 1.7 % for E and increases by 2 % for X. b) Air permeability according to the Bendtsen method increases by 9 % for E

and decreases by 15 % for X.

bonding of the fibers, as suggested by Laine et al. (1997). Moreover, the
decrease in sheet density for E with a constant fiber morphology in-
dicates that the fibers become stiffer when xylan is removed. Further, a
2 % increase as well as a 1.7 % decrease in density can have substantial
effects on the air permeability and the mechanical properties of the hand
sheets. An increase in sheet density can also be achieved by increasing
the fines content through refining, which in turn increases paper
strength through better bonding (Mandlez et al., 2022; Motamedian
et al., 2019). However, the fines content of our pulps does not vary
substantially, so the density change can be attributed to the xylan.

To better understand the porosity of the fiber network structure, the
air permeability was explored. Significant differences in air permeability
were determined (Fig. 4b; Table S4), even for the blank samples, with
the air permeability of blankg (443 + 7 mL-min~!) being higher than
that of blanky (373 + 5 mL-min~}). Air permeability generally corre-
lates well with the sheet density, and hence, the 9 % increase in air
permeability for E (to 443 mL-min~') can be explained by a decrease in
paper density. In contrast, a decrease in air permeability of 15 % (to 317

mL-min~!) was observed for X, which probably results from the 2 %
increase in paper density. In literature, no change in air permeability
was observed with hemicellulose adsorption to BSKP (Hu et al., 2016).
However, we cannot explain the difference in air permeability of the
blanks because it is not due to differences in formation (flocculation),
density, fiber morphology, or fibrillation.

3.6. Optical properties show a shift towards yellow for xylan adsorbed
hand sheets

As established above, the adsorbed xylan is located in the outer
layers of the fibers, where it should contribute more to the optical
properties such as reflection. Thus, an influence on the optical properties
is expected. Indeed, X showed a decrease in brightness of 4.3 % (to 83
%), while E showed even a slightly increased brightness (88.5 %)
compared to the blanks (blankg: 87.9 % and blanky: 86.7 %) (Fig. 5a).
Thus, adsorption of xylan onto pulp results in a less bright paper that
reflects less blue light. The increase in xylan content for X goes hand in
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Fig. 5. a) Brightness (standard error of mean < 0.2 %) for blankg (light-blue), E (blue), blanky (light-red), and X (red) show a clear trend towards lower brightness
with increasing xylan content. b) a*b* color space shows a color shift towards yellow for X (red). ¢) Light scattering coefficient S (left) and absorption coefficient k

(right) show structural changes for E and X and a color change for X.

hand with an increase in the surface charge, which has been found to
participate in brightness reversion (Buchert et al., 1997). The color of
the hand sheets is represented in the L*a*b* color space, where L*
corresponds to the lightness, a* to the color range from green (negative
values) to red (positive values), and b* to the color range from blue
(negative values) to yellow (positive values) (Fig. 5b). We are not
considering lightness here for clarity. All hand sheets showed a slight
color shift towards green, which was less pronounced for X, and all hand
sheets showed a distinct shift towards yellow, which was more pro-
nounced for X (Table S4). To determine whether this color shift is due to
a structural change or to the light absorption, so the color of xylan itself,
the light scattering coefficient S and the absorption coefficient k were
evaluated (Fig. 5c, Table S4). The scattering coefficient increased for E
(from 24.9 m2~kg*1 (blankg) to 25.6 mz-kg’l) and decreased for X (from
23.9 mz-kg’1 (blanky) to 22.6 mz-kg’l), which can be correlated with
the density changes for E and X and indicate an increase in fiber-fiber
contact area. The absorption coefficient k can be correlated with a
color change and does not change from blankg (0.07 m2~kg’1) to E (0.07
m2~kg’1), while it increases from blanky (0.09 mz-kgfl) to X (0.13
m?kg1). These results show that the adsorption of xylan is accompa-
nied by a color shift towards yellow resulting from a combined effect of a
change in color absorption of xylan itself and structural changes in the

Xylan content [%]

Internal bond strength [J - m~2]

blankg E blankyx X

Xylan content [%)

Tensile index [Nm - g~!]

blankg E  blankx X

paper sheets, while degradation of xylan from an already bleached pulp
shows a slight shift towards blue resulting from solely structural changes
in the paper sheets. Furthermore, if we look at the relative changes of
blankg to E and blanky to X, the effect of xylan adsorption is much
stronger than that of xylan degradation. Combined with the decline in
whiteness for X (Table S4) the xylan is indeed located at the outer layers
of the fiber.

3.7. The internal bond strength correlates well with xylan content

The internal bond strength provides information on the bonding
strength between the fibers. The determined internal bond strength
correlates well with the xylan content (Fig. 6a; Table S5). The internal
bond strength decreased by 11.9 % with decreasing xylan content (from
blankg: 53.8 & 0.3 Jm 2toE: 47.4+ 0.4 J-rn’z) and increased by 15.9
% with increasing xylan content (from blanky: 59.1 + 0.5 J-m 2 to X:
68.5 + 0.4 J-m~2). The internal bond strength for blanky was slightly
higher than for blankg, which could be influenced by the different
experimental procedures. Schonberg et al. (2001) presented a correla-
tion of internal bond strength with the xylan content showing a decrease
in internal bond strength of 23 % for a xylan degradation of 0.9 % and an
increase of 22 % for a xylan adsorption of 1.5 %. The effect of xylan on
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Fig. 6. a) Internal bond strength of all samples in correlation with xylan content, showing a good correlation between internal bond strength and xylan content. b)
Short-span compression strength. Correlation of tensile index of all samples with c) xylan content and d) surface charge, showing a correlation with xylan content and

a minor correlation with surface charge.
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fiber bond strength described in literature thus has also been found in
our investigations. It is, however, interesting that the removal of about 1
% of xylan is decreasing the bond strength to a similar extent as the
addition of 3 % xylan. It may be speculated that the adsorbed, extrinsic
xylan forms aggregates and thus is less effective in increasing bonding
strength than the xylan intrinsically present in the fibers.

3.8. Short-span compression strength shows the same behavior as tensile
properties

The short-span compression test (SCT) showed a similar trend as
tensile properties (Fig. 6b; Table S5). SCT decreased by 3.4 % from
blankg (2.08 + 0.03 kN-m™1) to E (2.01 & 0.03 kN-m ') and increased
by 5.9 % from blanky (2.19 & 0.04 kN-m 1) to X (2.32 £ 0.05 kN-m™1).
Again, a better correlation with xylan content than with surface charge
was obtained. However, the increase in SCT value was again lower than
expected for the 3 % xylan adsorption for X. This compressive strength of
paper correlates well with the tensile properties, which can be explained
by the change in density. It can be suspected that also the increase in
bond strength is further improving the compressive strength. However,
it needs to be mentioned that the increase in SCT value for X is not
assumed to be due to stiffer fibers. On the contrary, as shown above, the
fibers are getting softer with adsorbed xylan as evidenced by the in-
crease in sheet density.

3.9. Tensile properties deteriorate with xylan removal by enzyme, while
xylan adsorption leads to only a marginal improvement

Tensile properties were investigated as one of the main criteria for
the mechanical performance of paper sheets. Tensile index, which is the
tensile strength divided by grammage, decreased significantly by 8.0 %
for E (from blankg: 64.4 + 0.8 Nm-g ™! to E: 59.3 + 0.6 Nm-g~!), while
an 8.5 % increase was observed for X (from blanky: 70.3 + 1.2 Nm~g’1
t0X:76.3+1.7 Nm~g’1) (Fig. 6¢,d; Table S5). It has been suggested that
the tensile properties correlate with the amount of surface hemicellulose
content (Sjoberg et al., 2004) and especially with the total fiber charge
(Laine et al., 1997; Schonberg et al., 2001), which is also the case for the
pulps that were investigated here (Fig. 6d). Furthermore, a correlation
with the xylan content is shown, but an even higher tensile index for X
would have been expected according to the 3 % increase in xylan con-
tent (Fig. 6¢). The same trend was found for all tensile measurements
(Table S5) such as the tensile energy absorption (TEA) index (Fig. S24a)
and Young’s modulus (Fig. S24b). TEA index, which shows the papers
ability to absorb energy and thus its durability or resistance to repeated
stress or strain, decreased by 8.4 % for E while it increases by only 2.9 %
for X. Young’s modulus, which shows the elastic deformation under load
that is recoverable, with high values corresponding to stiff materials and
low values to elastic materials, shows a 4 % decrease for E, but a 7.7 %
increase for X. These results suggest that the enzymatic treatment
deteriorate the tensile properties of the papers, even though only about
1 % xylan was degraded, while a 3 % xylan adsorption in comparison
lead to an improvement, which was similar in absolute numbers, but
lower in relation to the xylan amount added. This would agree with the
assumption that the aggregated extrinsic xylan does not contribute as
much to the mechanical properties as the intrinsic xylan. In addition, the
blank samples show some variation, indicating that the treatments
themselves have already influenced the tensile properties of the pulp.
Furthermore, the paper density is decisive for tensile strength. Mandlez
et al. (2022) reported that an increase in density of only 2 % can lead to
an increase in tensile strength of about 5 to 8 % as well as a decrease in
sheet density consequently leads to a decrease in tensile strength. An
increase in internal bond strength is also beneficial for the tensile
strength and should lead to its increase.

To show that fiber network failure at the refining level used in this
work does not depend on the fiber strength itself, but rather on the fiber-
fiber bond strength, zero-span tensile strength was determined, which
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showed no significant differences for all pulps and ranged from 11.2 +
0.7 to 12.2 + 1.0 kN-m~! (Table S5, Fig. $24c). The internal bond
strength measures the energy required to delaminate a sheet of paper,
where fiber fracture is not relevant and increased for X. In addition,
fiber-fiber contact increases the fiber-fiber bond strength. Paper density
is the simplest and most effective indicator of fiber-fiber contact area
and increased for X as is the light scattering coefficient S, which de-
creases for X. As a result, the addition of xylan increases the fiber
network strength by increasing the fiber-fiber bond strength, while the
degradation decreases the fiber network strength due to the opposite
effects. Similar results were obtained in a study on cellulose nanofibril
(CNF) papers, which showed better mechanical performance of the
nanopapers containing hemicelluloses as a result of increased bond
strength between fibrils with an improvement in specific tensile strength
of 35 % compared to nanopapers made from bacterial cellulose (Kont-
turi et al., 2021). Chen et al. (2020) used hemicellulose-rich wood fibers
and prepared CNF papers by swelling the hemicelluloses in a mixture of
ionic liquid and water to produce a nanonetwork of highly disordered,
flexible fibrils that exhibited 240 % higher tensile strength than the
water-treated blank. This suggests that the proper distribution of
hemicelluloses is important for the network strength and could explain
the stronger effect of intrinsic xylan removal compared to extrinsic xylan
addition.

4. Conclusion

Partial removal of only about 1 % intrinsic xylan from BSKP resulted
in a more pronounced fibril structure on the fiber surface, a more
permeable, less dense fiber network (i.e. lower sheet density) and infe-
rior mechanical properties. In contrast, the addition of 3 % xylan
resulted in a denser fiber network and improved mechanical properties.
However, the mechanical properties did not increase to the same extent
when extrinsic xylan was added, as they decrease when intrinsic xylan
was removed.

These findings support the hypothesis that the improvement of me-
chanical properties for the xylan adsorbed pulp is caused by a combi-
nation of two mechanisms: (i) improvement of fiber-fiber bonds due to
an increase in surface fiber charge and increased swelling capacity and
(ii) increase in sheet density. Consequently, the decrease in mechanical
properties for the enzyme treated pulp is a result of decreased sheet
density and a lower bonded area. However, the decrease in mechanical
properties is more pronounced than the increase. This suggests that the
xylan intrinsically present in the fibers after pulping plays a key role for
the tensile strength of the fiber network, which cannot be achieved by
simple (re)adsorption of xylan onto pulp fibers. It can be speculated that
for the specific conditions in which this study was carried out xylan
adsorbs mainly on the surface of the fibers, where it contributes more to
the fiber-fiber interactions and thus increases the bonding within the
fiber network resulting in denser paper sheets. Moreover, xylan adsorbs
in aggregates, which do not contribute as much to the tensile properties.
In contrast, the intrinsically present xylan in BSKP might be more
incorporated in the inner fiber layers, which is decisive for the tensile
strength. The color of the pulp hand sheets is compromised with the
adsorption of xylan as white is typically desired over yellow for paper-
making applications, hence, indicating an inferior optical performance
with extrinsic than with intrinsic xylan.

Although xylan is only a minor constituent of the pulp, significant
differences in paper properties are obtained with small variations in
xylan content. Hence, paper properties can be adjusted by focusing on
the xylan already contained in the pulp. In this study the extrinsic xylan
added to the pulp is likely located on the outside of the fibers, where it
should be particularly effective in supporting mechanical paper prop-
erties, acting as a glue between the fibers. However, the extrinsic
(added) xylan was found to be less effective than the intrinsic (present
after pulping) xylan. Some xylan has been precipitated on the fibers
during pulping, so part of the intrinsic xylan is also located outside the
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fiber and hence may contribute to the fiber-fiber bonding.

Based on the observations in this contribution, there may be a benefit
in retaining as much intrinsic xylan as possible in the fiber network
during pulping and bleaching for better mechanical performance, while
extrinsic xylan can be added for better internal bond strength and an
increase in sheet density. In contrast, removal of xylan should be aimed
for only when a looser fiber network is desired or when brightness is to
be increased at the expense of a decrease in tensile strength. In order to
support these observations, however, further studies using different pulp
grades under varying refining conditions would be of interest.
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