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ARTICLE INFO ABSTRACT

Keywords: The manufacturing of man-made cellulose fibers starts with the dissolution of wood pulp fibers. Pulps can
P‘IIP re?CtiVity dissolve at different rates and leave different amounts of undissolved particles. Thus, their properties can be
Activation modified to achieve better dissolution. Enzymatic treatments are an effective means of enhancing pulp disso-
E;Sgg; zlc;riscilari de monooxygenase lution, and this study compares the effect of endoglucanase (TrCel45A) and lytic polysaccharide monooxygenase
LPMO (LPMO, TrAA9A) on bleached softwood Kraft pulp at 20 % solids content. The enzymes were applied individually

and in combination. Both enzymes increased fibrillation, fines content, porosity, water retention value, crys-
tallinity index and crystallite size, but the largest changes were achieved with the enzyme mixture. For example,
fiber saturation point and water retention value increased by 64 and 37 % with TrCel45A, by 27 and 25 % with
TrAA9A, and by 73 and 52 % with both TrCel45A and TrAA9A. Pulp reactivity was indirectly assessed by
measuring the dissolution time in cupriethylenediamine. The average dissolution time of the reference pulp
measured 642 s, while those of the pulps treated with TrCel45A, TrAA9A and their mixture were 399, 473 and
298 s, respectively. The decrease in dissolution time correlated with the increase in fines, fibrillation, porosity,

and water retention value.

1. Introduction

The world population growth and the improvement of the living
standards have been rising the demand of several products, such as
textiles and clothing (Koszewska, 2018; Michud et al., 2016). The main
cellulosic resources for textile production include cotton, jute, and wood
fibers. In 2018, cotton accounted for 24.4 % of the global fiber pro-
duction (Opperskalski et al., 2019). Nevertheless, cotton is poorly sus-
tainable (Shen et al., 2010). It cannot provide for the increasing demand
of sustainable textiles, and in the future man-made cellulose fibers are
expected to replace part of its current market (Haemmerle, 2011;
Michud et al., 2016). From 2014 to 2018, the production of man-made
cellulose fibers increased from 5.9 to 6.7 million tons, while the annual
growth rate of single viscose and Lyocell fibers between 2017 and 2022
is estimated to be around 7 and 15 %, respectively (Opperskalski et al.,
2019).

Man-made cellulose fibers are produced by dissolving high purity
wood pulp fibers and then forming and regenerating cellulose into new

filaments. However, the process is hindered by cellulose recalcitrance.
The product of cellulose dissolution is a dispersion containing particles
of different origins, sizes, and shapes. For instance, viscose dopes can
contain mineral, resin-rich, and cellulosic particles and gels with sizes
from the nanometer- to the millimeter-scale (Virezub and Pakshver,
1979). Larger particles can be filtered out but they slow down the
downstream of the process, while smaller particles pass through the
filters and they end up compromising the quality of the regenerated fi-
bers (Treiber, 1981). In view of this, great effort is paid to understand,
assess, and improve the reactivity of cellulosic pulp under dissolution.

Pulp reactivity is process specific, and in the viscose process, higher
reactivity can correspond to a shorter pre-aging time or to a lower
amount of undissolved matter and gel formation (Strunk, 2012). Pulp
dissolution can be improved by pretreatments designed to increase the
accessibility of the dissolving agents to the reactive groups of cellulose.
A higher accessibility generally leads to a better reactivity, and the
enhancement of pulp reactivity is called activation. Activation pre-
treatments can be mechanical, chemical, and/or enzymatic (Shi et al.,
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2018). Mechanical treatments, such as grinding and refining, can
improve pulp reactivity by reducing fibers dimensions and cellulose
crystallinity while enhancing fibrillation, surface area, and porosity
(Tian et al., 2014; Zhou et al., 2018). Chemical treatments, such as alkali
extraction or acid hydrolysis, can be used to increase pulp purity, to
optimize the molecular weight distribution, and to modify the crystal-
linity and the level-off degree of polymerization (Engstrom et al., 2006;
Palme et al., 2016; Wei et al., 1996). Finally, enzymatic treatments can
increase pulp porosity, fibrillation and fines content like mechanical
treatments, but they can also control the molecular weight distribution
or introduce new functional groups like chemical treatments (Duan
et al., 2016; Henriksson et al., 2005; Hu et al., 2018; Ibarra et al., 2010;
Rahikainen et al., 2019).

The activation achieved with singular mechanical and enzymatic
treatments becomes more pronounced when the two treatments are
combined, both sequentially (Gronqvist et al., 2014; Miao et al.,
2015) or simultaneously (Gronqvist et al., 2015; Rahikainen et al.,
2020, 2019). The mechanical action disrupts the fiber structure and
therefore it facilitates the adsorption of the enzymes. This synergy is
particularly remarkable when pulps are treated at high solids content
(Rahikainen et al., 2020). Reducing the water content, the friction
between the fibers is increased, and with it also the loosening of the
fiber structure and the physical association between enzymes and
cellulosic substrate.

Given that cellulose with higher molecular mass fraction is more
difficult to dissolve (Kihlman, 2012), enzymes can activate pulp by
cellulose depolymerization. Endoglucanases and lytic polysaccharide
monooxygenases (LPMOs) can both depolymerize cellulose even if with
different mechanisms. The mechanism of endoglucanases is hydrolysis,
while LPMOs catalyze an oxidative cleavage which leaves oxidized
chain ends to cellulose. Endoglucanases are characterized by a
cleft-shaped active site (Davies and Henrissat, 1995). The cleft can
accommodate a single polysaccharide chain, which is randomly cleaved.
On the contrary, LPMOs have flat substrate-binding surfaces that hy-
droxylate cellulose at C1 and/or C4. C1 oxidation produces a lactone
which is later hydrated into an aldonic acid, while C4 oxidation is
suggested to produce a keto-group (Hemsworth et al., 2015). In both
cases, the oxidative cleavage of LPMOs requires a co-substrate (O or
H»05) and an electron donor molecule (e.g. gallic acid) (Forsberg et al.,
2019).

It is currently under discussion whether synergy can occur between
LPMOs and cellulases (Hansson et al., 2017; Karnaouri et al., 2017;
Villares et al., 2017; Zhou et al., 2019). While the hydrolytic action of
the endoglucanases is mainly focused on less ordered cellulose (Hen-
riksson et al., 2005; Hu et al., 2018), LPMOs have been reported to
oxidize amorphous cellulose, crystalline cellulose and some hemi-
celluloses (Forsberg et al., 2019; Hansson et al., 2017). The mode of
action and the consequent synergy between endoglucanase and LPMO
depend on the selected LPMO and substrate. Therefore, a deeper un-
derstanding of the interaction between endoglucanase and LPMOs is
needed.

To shed more light on the interaction between LPMOs and endo-
glucanases, this study evaluated the activation of a machine-dried
bleached softwood Kraft pulp by means of mechano-enzymatic treat-
ments at high solids content. Two pure monocomponent enzymes
were used: endoglucanase TrCel45A and LPMO TrAA9A, both derived
from Trichoderma reesei. The first hydrolyzes cellulose, while the sec-
ond performs lytic oxidation at carbon C1 and C4 (Silva et al., 2020).
The enzymes were applied and evaluated both singularly and com-
bined. It was hypothesized that the two enzyme families might
cooperate synergistically and together achieve a more successful
activation of the wood pulp. The variation of pulp reactivity was
investigated by means of pulp accessibility and dissolution time.
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Table 1

List of the acronyms.
Acronym Meaning
LPMO Lytic Polysaccharide Monooxygenase
M Pulp mixed without enzymes

M + TrCel45A Pulp mixed with endoglucanase

M + TrAA9A Pulp mixed with LPMO

M + TrCel45A + TrAA9A  Pulp mixed with both endoglucanase and LPMO

WRV Water Retention Value

FSP Fiber Saturation Point

] Intrinsic Viscosity

CHO Aldehyde Groups

TTC 2,3,5 Triphenyl-2H Tetrazolium Chloride

XRD X-ray Diffraction

CI Crystallinity Index

FTIR-ATR Attenuated Total Reflectance-Fourier Transform
Infrared Spectroscopy

LOI Lateral Order Index

TCI Total Crystallinity Index

HBI Hydrogen Bonding Intensity

SEM Scanning Electron Microscope

CPD Critical Point Drying

Mw Weight-average Molecular Weight

DTR Dissolution-based Torque Reactivity Test

DT Dissolution Time

2. Materials and methods
2.1. Pulp

The reference pulp of this work was a machine-dried bleached mixed
softwood Kraft pulp (80.4 % cellulose, 9.8 % xylan, 8.9 % glucomannan,
0.9 % lignin) provided by a Finnish pulp mill. It was cold disintegrated
according to SCAN-C 18:65, vacuum filtered with a 60 pm filter cloth,
and homogenized with a Kenwood food mixer with a K-shaped blade.

2.2. Enzymes

Trichoderma reesei Cel45A endoglucanase was purified from culture
supernatant of an engineered Trichoderma reesei devoid of major cellu-
lase components Cel7A, Cel6A, Cel7B and Cel5A. The purification was a
two-steps procedure employing ion exchange chromatography with
DEAE Sepharose FF resin followed by hydrophobic interaction chro-
matography with Phenyl Sepharose FF resin as described in Karlsson
et al. (2002). The Trichoderma reesei AA9A LPMO was purified as
described in Kont et al. (2019).

2.3. Mechano-enzymatic treatments of pulp at high consistency

The treatments were performed at 20 % (w/w) (dry matter) solids
content. During the treatments, pH was maintained at 7 using 50 mM
sodium phosphate buffer. The treatments were carried out in a SEW
Farinograph mixer (Brabender GmbH) at 45 °C and 30 RPM for 5 h. Four
samples were produced. The first was mixed without enzymes, while the
other three were mixed with endoglucanase, LPMO, and both endoglu-
canase and LPMO, respectively. The short names of the samples are
listed in Table 1.

Enzyme dosage was 0.25 and 0.75 mg protein/g of oven dry pulp for
TrCel45A and TrAA9A, respectively. The enzymes were sprayed onto
the pulp to promote their homogeneous distribution. When the two
enzymes were used together, they were sprayed simultaneously. High
purity gallic acid (10 mM) from Sigma-Aldrich (product no. G7384) was
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used as an electron donor in the reaction mixture when the LPMO was
present. The oxidative action of LPMOs requires an electron donor
molecule, and gallic acid has been previously identified as an effective
electron donor for LPMOs which does not cleave cellulosic chains when
used alone (Kracher et al., 2016).

The treatments were terminated by washing the pulp on a 60 pm
filter cloth in a Buchner funnel using 3 x 400 mL deionized water. The
first filtrate was re-applied on the pulp to avoid loss of fines. Low amount
(0.02 %) of NaN3 was applied to the last washing water to preserve the
pulp from microbial contamination. The washed pulp was stored in cold
(4 °C) prior to analyses.

2.4. Sample characterization
2.4.1. Assessment of pulp accessibility

2.4.1.1. Fiber morphology, porosity, and water retention value. Fines
content, fiber length, and fibrillation were measured with a Kajaani
FiberLab analyzer. Fiber porosity was analyzed by a two-points solute
exclusion technique. Water retention value (WRV), which represents the
swelling capacity of a pulp, was measured according to SCAN-C 102 XE.

The two-points solute exclusion technique assesses both the total cell
wall pore volume and the micropore volume (diameter < 3.6 nm) of
pulp fibers (Maloney et al., 1999; Rahikainen et al., 2019). Two 2 wt%
dextran solutions were prepared with T2000 and T5 dextrans by Phar-
macosmos. Each solution was filtered twice: the first time with a
0.65 pm Millipore filter and the second time with a 0.45 pm Millipore
filter. The pulps were adjusted to a solids content of ca. 20 + 1 %. For
each sample, an equivalent of 0.7 g (oven dry basis) pulp and 35 mL
dextran solution were placed into a 50 mL disposable centrifuge tube.
Thereafter, the tubes were first gently mixed with a rotator for 1 h and
then centrifuged in a Thermo Scientific SL40FR centrifuge for 10 min at
3500 g. The supernatant was collected with a syringe and filtered with
both a 2 pm and a 0.45 pm filter into the sample holder of an Autopol IV
Polarimeter from Rudolph Research. The optical rotation of the dextran
solutions and that of the supernatants, i.e. the dextran concentration
before and after adding pulp fibers, were measured at 20 °C and at
357 nm wavelength. The total pore volume (fiber saturation point, FSP)
and the micropore volume were measured as follows:

Volume = (Waex + Waater) [ Woutp — (Wex Wputp) * (¢i /1)

where Wex, Wwater and Wpyp are the mass of dextran solution (T2000 for
FSP and T5 for the micropores), the mass of water in the sample and the
bone dry mass of pulp, while ¢; and ¢ are the optical rotations of the
dextran solution and of the supernatant, respectively. The measure-
ments were performed in duplicates.

2.4.1.2. Intrinsic viscosity and molecular weight distribution. Intrinsic
viscosity ([n]) was measured in duplicates from wet pulps according to
standard ISO 5351—1 using a PSL Rheotek equipment (Poulten, Selfe &
Lee Ltd, UK). A few copper rods, 25.0 mL of distilled water and ca.
200—250 mg of bone-dry pulp were placed into a plastic bottle and
shaken for ca. 30 min. Then, it was added 25.0 mL of cupriethylenedi-
amine, the residual air was squeezed out, and the bottle was shaken for
further ca. 30 min. Thereafter, both the bottles and the viscosimeter
were adjusted at 25.0 + 0.1 °C, and finally the efflux time was
measured. The viscosity ratio (1)) was calculated multiplying the efflux
time by the viscometer constant. In the table provided by the standard,
Nrel corresponds to 1. Finally, intrinsic viscosity was calculated as
follows:

(7] = (n,-w)/d

where w is the bottle weight and d is the bone-dry mass of pulp.
The molecular weight distribution was determined in duplicates by

Industrial Crops & Products 166 (2021) 113463

size exclusion chromatography with multi-angle light scattering detec-
tor. For each sample, 50 + 5 mg (oven dry basis) of pulp was first soaked
two times in 10 mL deionized water for 1 h and then exchanged two
times with 8 mL methanol for 45 min followed by two times with 8 mL
anhydrous N,N-dimethylacetamide (DMAc) for 45 min and ca. 15h,
respectively. In between each step, the sample was filtered under vac-
uum. After the second exchange with DMAc, the sample and 5.0 mL of
90 g/L LiCl/DMAc were transferred into a glass bottle, where pulp dis-
solved for 48 h. Finally, a 0.50 mL of dissolved sample was diluted with
4.5 mL of pure DMAc, shaken manually, filtered with a 0.2 pm filter, and
analyzed.

2.4.1.3. Analysis of pulp carbohydrates, solubilized sugars, and pulp
aldehydes. Pulp carbohydrates were quantified according to standard
NREL/TP-510—42618 (Sluiter et al., 2012). The monomers were
analyzed by high performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) in a Dionex ICS-3000
system, equipped with a CarboPac PA20 column. Cellulose, xylan and
glucomannan contents were determined applying the Janson formula
(Janson, 1970). The solubilized sugars were analyzed using HPLC as
described in Rahikainen et al. (2019).

Pulp aldehydes (CHO groups) were analyzed to verify whether the
endoglucanase and the LPMO had a synergistic activity. Some aldehydes
are naturally present at the reducing end of cellulose and hemicellulose
polymer chains, but their number can be increased by enzyme action.
Endoglucanase can increase pulp aldehydes leaving new reducing chain
ends after cellulose hydrolysis, while C4-oxidizing LPMOs have been
suggested to leave an aldehyde group to the cleaved polymer chain
(Hemsworth et al., 2015). Pulp aldehydes were quantified by the Sab-
olks method. In this method, pulp aldehyde groups reduce 2,3,5
triphenyl-2H tetrazolium chloride (TTC, Sigma-Aldrich) reagent to a red
colored formazan which is then quantified with a spectrophotometer
(Obolenskaya et al., 1991).

The wet pulp sample (10—15mg as dry weight) was soaked in
0.5 mL of 0.2 M KOH followed by 5 mL addition of 0.2 % aqueous so-
lution of TTC. The tube was closed, heated for 10 min in a boiling water
bath, and then quickly cooled. The tube content was filtered with a glass
filter under vacuum into a volumetric tube. The sample was washed on
the filter several times with a small amount of ethanol until the pulp
became bright again and the filtrate total volume was exactly 10 mL.
The absorbance of the filtrate was measured at 546 nm. After boiling,
the samples were kept on ice since the colored compound (formazan) is
not stable and the color degrades in the course of time. For this reason,
all steps of the reaction were completed within 15 min and the time from
sample boiling to absorbance measurement was kept constant. A stan-
dard curve was constructed using 50 pL of glucose (0.5—4 mg/mL). For
calculations, one glucose molecule was considered to contain one
aldehyde group that would react in the assay.

2.4.1.4. Crystallinity and crystallite size. Crystallinity and crystallite size
were assessed by X-ray diffraction and FTIR-ATR spectroscopy, whereof
the second provides only relative values (Park et al., 2010) and therefore
was used only to validate the diffractometric results.

2.4.1.4.1. X-ray diffraction (XRD). XRD data were collected using a
SmartLab (RIGAKU) instrument operated at 45kV and 200 mA
(A = 1.5418 A). The powder samples were first pressed into pellets and
then fixed on a sample holder with a transmission geometry. Powder
diffraction data were collected in the continuous line scan mode with
0/20 geometry from 5° to 60° 20. Replicate data were obtained from
three different positions in a sample. Air scattering profile without
sample was collected under the same experimental condition, and it was
subtracted from intensity profiles of samples. The subtracted data were
smoothed using Savitzky-Golay filter (Savitzky and Golay, 1964) with a
window size of 29 and a polynomial order of 1. The smoothed data were
corrected for inelastic scattering.
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Table 2

Industrial Crops & Products 166 (2021) 113463

Characterization of the main features of the pulp samples. The characterization covers: average fiber length (L), fines content, fibrillation, water retention value (WRV),
fiber saturation point (FSP) -representative of the total pore volumes-, micropore volumes, intrinsic viscosity ([n]), weight-average molecular weight (Mw), aldehydes

content (CHO groups), and yield loss.

A B C D E F G H I J
Sample L? [mm] Fines® [%] Fibrillation” WRV FSP” Microporesh [n] Mw CHO groups Yield Loss
[%] [g/g] [mL/g] [mL/g] [mL/g] [kDa] [pmol/g] [w-%]
Reference 1.90 + 0.01 3.32+£0.01 1.15 £ 0.07 1.22 0.85 0.53 750 731 29+1 -
M 1.60 + 0.01 5.29 + 0.03 1.70 +£ 0.14 1.39 1.03 0.57 730 - 25+1 0.04
M + TrCel45A 1.27 £ 0.01 6.82 +£0.14 2.75 + 0.07 1.67 1.39 0.59 470 654 63+1 0.09
M + TrAA9A 1.46 + 0.03 5.91 + 0.03 2.50 + 0.00 1.52 1.08 0.56 610 725 46 + 3 0.11
M + TrCel45A + TrAA9A 1.05 +0.01 11.25 £ 0.35 3.75 £ 0.07 1.85 1.47 0.62 400 642 84+3 0.33

2 Measured by Kajaani FiberLab analyzer.
b Measured by solute exclusion analysis.

The background profile (I, (6)) was estimated using a smoothing
method (Briickner, 2000; Frost et al., 2009) applying Savitzky-Golay
filter from 8° to 55° 20 for each diffraction profile. Window size and
polynomial order for the Savitzky-Golay filter were set to 201 (corre-
sponding to 4° by 20) and 1, respectively. Iteration for the background
estimation was repeated 50 times until the iteration reduced the back-
ground area significantly. Then the crystallinity index (CI) was esti-
mated using the ratio of the area of total intensity and of the above
estimated background intensity from 9° to 50° 26:

I = 100+ ( /1(9)6197 / Ie(0)d0) / ( /AI(G)dH)

The background-corrected profiles in the range from 8° to 26° 20
were fitted with four pseudo-Voigt functions for (1 1 0), (110), and (200)
equatorial diffraction peaks, and a diffraction peak for 102/012 peak. A
software LMFIT (Newville et al., 2016) was used for the fitting. Scherrer
equation was used to estimate the crystal widths (CWyy) of the lattice
planes for cellulose I as follows:

CWhU =K l/ﬂ,,,dcosﬂ

where K = 0.90 is the shape factor, 4 is the X-ray wavelength, S is the
full width at half maximum of the diffraction peak in radians, and 6 is the
diffraction angle of the peak.

2.4.1.4.2. FTIR-ATR spectroscopy. FTIR spectra were acquired with
a PerkinElmer Spectrum Two FT-IR spectrometer equipped with a Quest
attenuated total reflectance attachment and a diamond crystal. The
measurements were performed in duplicates within the range
450—-4000 cm’l, with 16 scans, and a resolution of 4 em L Then, the
spectra were normalized at 1336 cm ™! using the PerkinElmer software.

The FTIR-ATR spectra were used to compare the effect of the
different treatments on cellulose crystallinity. The literature proposes
three standard crystallinity indexes: the total crystallinity index (TCI),
the lateral order index (LOI), and the hydrogen bonding intensity (HBI)
respectively determined by the ratio between 1373 cm™! and
2900 cm !, 1429 em™! and 893 cm !, and 3336 cm ™! and 1337 cm™
(Siroky et al., 2010).

2.4.1.5. Imaging. The samples were observed by optical microscope and
scanning electron microscope (SEM). For the optical microscope imag-
ing, the samples were first stained with Congo red as in Rahikainen et al.
(2019) and then observed with an Olympus BX61 microscope equipped
with Olympus WH10X-H-oculars and an Olympus ColorView12-camera
using Analysis Pro 3.1-software (Soft Imaging System GmbH). For the
SEM imaging, the samples were dried by solvent exchange followed by
critical point drying (CPD), sputtered with a 1 nm layer of gold, and
imaged with a Zeiss Sigma VP SEM. Solvent exchange and drying were
performed as in Lovikka et al. (2016). The CPD was performed with a
LEICA EM CPD300 critical point dryer.

2.4.2. Assessment of pulp reactivity

The reactivity of the pulps was assessed by dissolution-based torque
reactivity (DTR) test, whose procedure is described elsewhere (Cec-
cherini and Maloney, 2019). The DTR test provides an indirect estima-
tion of pulp reactivity by monitoring the rheological behavior of the
dissolution of pulp fibers in cupriethylenediamine at standard condi-
tions. The dissolution is described by a curve with torque as a function of
time. The dissolution rate, the dissolution time (DT), and the final torque
plateau provide an indirect evaluation of pulp reactivity; pulps that
dissolve faster are considered more reactive. Each sample was tested in
triplicate and the average reported.

3. Results and discussion

This study evaluates the effect of the mechano-enzymatic treatments
with endoglucanase TrCel45A and LPMO TrAA9A on pulp accessibility
and reactivity. Pulp accessibility was assessed by measuring pulp
porosity, fibrillation, fines content, water retention value, and cellulose
crystallinity. Then, it was studied whether the changes at morpholog-
ical, supramolecular and molecular level had a beneficial effect on the
reactivity of the pulp under direct dissolution in cupriethylenediamine.

3.1. Changes in pulp morphology, ultrastructure, and chemistry

3.1.1. Effect of mixing at high consistency

Mixing of pulp at 20 % (w/w) solids content causes friction between
the fibers and consequently a mild refining effect (Rahikainen et al.,
2020). The loosening and the partial disruption of the cell wall increase
cellulose accessibility. In fact, previous studies have demonstrated that
when pulp is treated at high consistency, the effect of the endogluca-
nases is enhanced (Quintana et al., 2015; Rahikainen et al., 2020, 2019).

As shown in Table 2, 5 h mixing at high consistency caused changes
at both morphological and ultrastructural level, which led to the rise of
the WRYV of 0.18 g/g. Pulp fibers were marginally shortened, producing
secondary fines. The fines content increased by ca. 2%. The cell wall
became partially disrupted and slightly more fibrillated (Fig. 1 (B1—3)
and Fig. 2B). The total pore volume (FSP) increased, but without the
formation of new micropores. The intrinsic viscosity decreased only
slightly, revealing that cellulose DP was almost unaltered. Surprisingly,
both XRD and FTIR-ATR reported a decrease in cellulose crystallinity
and an increase in crystallite size. Some evaporation can have occurred
during 5 h mixing. Thus, the enlargement of the crystallite may have
been induced by hornification (Kato and Cameron, 1999).

3.1.2. Effect of the mechano-enzymatic treatments

The mechano-enzymatic treatments combined the mechanical fric-
tion of the high consistency mixing with the hydrolytic and oxidative
mechanisms of endoglucanase and LPMO, respectively. Their effect was
more pronounced than that achieved by mixing pulp at high solids
content without enzymes. An overview of the effects of the treatments
with TrCel45A, TrAA9A and their combination is shown in Tables 2 and
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Fig. 1. SEM images at increasing magnification. A) Reference pulp. B) Pulp after mixing at high solids content without enzymes. C) Pulp after mixing with TrCel45A.
D) Pulp after mixing with TrAA9A. E) Pulp after mixing with TrCel45A and TrAA9A. The numbering refers to the magnification: (1) 100X, (2) 500X, and (3) 2.50KX.

3.

3.1.2.1. Treatment with endoglucanase (TrCel45A). The disruptive effect
of the mechano-enzymatic treatment with TrCel45A on fiber
morphology is visible in Fig. 1 (C1-3) and Fig. 2C. Fines and fibrillation
doubled those of the reference (Table 2, B-C), and even though the
micropore volumes increased only marginally, the FSP grew by
0.54 mL/g (Table 2, E-F). Hence, compared to mechanical mixing, this
treatment had a stronger effect on fibrillation and increased the total

pore volume three times more. The WRV showed a roughly similar in-
crease as the FSP (Table 2, D). The increase in crystallinity (Table 3)
supported earlier findings that endoglucanases tend to direct their ac-
tion onto the less ordered cellulose (Ciolacu and Popa, 2010; Henriksson
etal., 2005; Hu et al., 2018), while the larger crystallites concurred with
the results published by Hu et al. (2018).

The depolymerization by endoglucanase was confirmed by the pro-
duction of new C1 reducing ends (aldehyde groups) and by the drop in
intrinsic viscosity and Mw respectively by ca. 37 % and 10 % (Table 2, G-
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Fig. 2. Optical images of the reference pulp (A), the pulp after mixing at high solids content without enzymes (B), the pulp after mixing with TrCel45A (C), the pulp
after mixing with TrAA9A (D), and the pulp after mixing with TrCel45A and TrAA9A (E and F).

Table 3

Assessment of pulp crystallinity. The characterization covers: crystallinity index (CI), crystallite dimensions (L1m10, L110, and L200) and their average (L avg), lateral
order index (LOI), total crystallinity index (TCI) and hydrogen bonding intensity (HBI).

Sample CI* [%] L1m10* [A] L110° [A] 1200° [A] L avg® [A] Lor? TCI® HBI

Reference 38.6 + 0.3 31.5+0.5 25.8 + 0.6 437 +0.6 33.7 £ 0.6 0.65 + 0.07 0.40 + 0.04 6.93 + 0.91
M 36.8 + 0.4 343+0.7 247+ 0.6 445+ 0.4 345+ 0.5 0.55 + 0.07 0.37 + 0.04 6.32 + 0.42
M + TrCel45A 40.5+0.3 34.5+0.3 33.6 + 0.9 45.5 + 0.2 37.9+ 0.4 0.71 + 0.04 0.49 + 0.01 8.09 + 0.76
M + TrAA9A 38.9+ 0.4 349 +0.8 27.0 + 0.5 45.3+0.2 35.7 £ 0.5 0.68 + 0.04 0.42 + 0.00 6.93 + 0.04
M + TrCel45A + TrAA9A 42.240.1 35.5+2.3 33.9+2.3 46.5+ 2.5 38.6 + 0.9 0.73 + 0.02 0.49 + 0.04 8.85 + 0.94

@ Measured by XRD.
b Measured by FTIR-ATR.

Table 4
Analysis of the solubilized sugars.

Sample Rhamnose [mg/L] Arabinose [mg/L] Galactose [mg/L] Glucose [mg/L] Xylose [mg/L] Mannose [mg/L] Fructose [mg/L]
Reference <4 9 11 80 14 4 <4
M + TrCel45A <4 9 12 234 9 4 <4
M + TrAA9A <4 11 17 266 40 19 <4
M + TrCel45A + TrAA9A <4 11 18 942 34 16 <4

D). Despite the degradation, the yield loss measured 0.09 w-% (Table 2,
J). Glucose was the only sugar monomer liberated by TrCel45A action
(Table 4). Thus, TrCel45A acted primarily on cellulose. These results
supported what reported by previous studies (Henriksson et al., 2005;
Rahikainen et al., 2019).

3.1.2.2. Treatment with LPMO (TrAA9A). The mechano-enzymatic
treatment with TrAA9A presented similar but milder effects than the
treatment with TrCel45. Fines, fibrillation, crystallinity, and crystallite
size were higher than in the sample treated by mixing alone, but lower
than in the sample treated with endoglucanase (Fig. 1 (D1-3), Fig. 2D,
Tables 2(B—C) and 3). On the other hand, the LPMO had a minor effect
on the FSP and no effect on the micropores (Table 2, E-F). Accordingly,
TrAA9A increased the WRV but less efficiently than TrCel45A (Table 2,
D). These findings differ from those of other studies where LPMOs from
Podospora anserina were applied on wood pulps at lower solids content
(Cathala et al., 2018; Moreau et al., 2019; Villares et al., 2017). In these

studies, it was noticed that the fiber cell wall remained intact unless a
second homogenizing step was added. Moreover, crystallinity and
crystallite size remained unchanged (Moreau et al., 2019) or were
lowered (Villares et al., 2017). It is reasonable that the higher degra-
dation achieved in this study was favored by the combination of the
enzymatic action and the mechanical friction due to the mixing at high
solids content.

The oxidative depolymerization performed by the LPMO was less
powerful than the hydrolytic depolymerization. The intrinsic viscosity
decreased by ca. 19 % (Table 2, G) and the Mw remained almost un-
changed (Table 2, H). Curiously, the yield loss caused by the LPMO
treatment was slightly higher than with the endoglucanase (Table 2, J).
A plausible reason could be that the oxidized cello-oligomers generated
by LPMO may dissolve more readily than the non-oxidized cello-oligo-
mers generated by the endoglucanase.

Glucose accounted for ca. 75 % of the solubilized sugars, revealing
that also TrAA9A acted principally on cellulose (Table 4). The presence
of xylose among the other components was attributed to a minor
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------ Reference (DT 642113 s; P 74.6+0.7 yNm)

—— M (DT 521+20 s; P 71.7+0.8 pNm)

M+TrCel45A (DT 399+45 s; P 36.2+0.5 uNm)
M+TrAA9A (DT 473+10 s; P 563.121.1 uNm)
M+TrEG5+TrAA9A (DT 298429 s; P 33.5£0.3 uNm)
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Fig. 3. DTR dissolution curves of the reference pulp and of the pulps mixed at
high solids content without enzymes (M), with TrCel45A (M + TrCel45A), with
TrAA9A (M + TrAA9A), and with TrCel45A and TrAA9A
(M + TrCel45A + TrAA9A). The arrows indicate the dissolution time of each
curve. The treatments lowered the torque plateau (P) and reduced the disso-
lution time (DT).

xylanase contamination occurred during the purification of the enzyme.
The analysis of the aldehyde (CHO) groups showed an increase of ca.
17 pmol/g compared to the reference pulp (Table 2, I). The additional
aldehyde groups in LPMO-treated pulp likely arose from cellulose chain
scission due to C4 oxidation. When cellulose chain is cleaved with a C4
oxidative mechanism, a ketoaldose is generated at the non-reducing end,
whereas the opposing chain end is left behind as a regular reducing end
aldehyde (Hemsworth et al., 2015). This reducing end aldehyde is likely
detected with the TTC assay.

3.1.2.3. Treatment with TrCel45A and TrAA9A. The pulp treated with
both TrCel45A and TrAA9A showed the most severe changes. Compared
to the reference, the fibrillation was three times higher, while the
average fiber length was almost halved, causing the rise of the fine
content by ca. 8 % (Table 2, A-C). The FSP was ca. 73 % higher than in
the reference, ca. 43 % higher than in the sample mixed with no en-
zymes, and it included new micropores (Table 2, E-F). Of the enzymes
used singularly, only the endoglucanase produced new micropores, and
the increase was by ca. 3 %. Here, using both the enzymes together, the
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micropores increased by ca. 8 %. The growth in fines, fibrillation, and
porosity affected the WRV, which was higher than the reference by ca.
52 % (Table 2, D). It is plausible that the swelling produced by the LPMO
allowed a deeper penetration of the endoglucanase and consequently a
more aggressive hydrolytic action.

The increase in crystallinity and crystallite size (Table 3) seems
somewhat contradictory to the increase in WRV, because a higher order
at supramolecular level is usually associated with a lower accessibility
(Ciolacu and Popa, 2010). The ultrastructure changed more when the
enzymes were used together. It is possible that these changes were
mainly driven by the endoglucanase. However, the action of the endo-
glucanase grew with its further penetration in the cell wall promoted by
the LPMO. Hu et al. (2018) reported the same trends but with more
drastic changes. The crystallinity and the crystallite size were increased
by 14 % and 52 % using endoglucanase and by 18 % and 60 % using
endoglucanase with LPMO. In the present study, the same features
increased by 5 % and 12 % using TrCel45A and by 9 % and 14 % using
TrCel45A with TrAA9A. The higher crystallinity achieved using the
enzymes together was explained by Hu and coauthors as the result of an
enhanced intermolecular hydrogen bonding network due to the con-
version of the carbonyl groups on the ketone structure into 4-ketoaldo-
ses (gem-diol) groups after C4 oxidation.

Confirming previous results (Hu et al., 2018), the simultaneous
occurrence of the hydrolytic and oxidative mechanisms led to a more
effective depolymerization, which is visible in the higher yield loss and
in the lower intrinsic viscosity and Mw (Table 2, G-H). However, it is
unclear whether endoglucanase and LPMO acted synergistically or
additively. The solubilized sugars seem to indicate a synergistic inter-
action, because the amount of glucose released by the enzyme mixture
was significantly higher than the sum of the glucose released by endo-
glucanase and LPMO individually (Table 4). On the other hand, the
aldehyde groups denote an additive behavior, because the amount of
reducing end aldehydes produced by the enzyme mixture (55 pmol/g)
was only slightly higher than the sum of those produced by the single
enzymes (34 + 17 = 51 pmol/g).

3.2. Changes in pulp reactivity

The changes that the treatments induced to the chemistry, the ul-
trastructure, and the morphology of the pulp contributed to improve its
accessibility and consequently its reactivity under dissolution. The ease
of dissolution was assessed by the DTR test, which monitors the rheo-
logical behavior of pulp dissolution in cupriethylenediamine at standard
conditions (Ceccherini and Maloney, 2019). The principal outcome is
the dissolution time (DT), which is the interval from the injection of the
solvent and the stabilization of the torque plateau. The second outcome
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Fig. 4. Variation of dissolution time (full symbols) and torque plateau (open symbols) as a function of intrinsic viscosity (A) and Mw (B). The color and the shape of
the symbols indicate the sample: black circle for the reference, gray square for M, red triangle for M + TrCel45A, blue diamond for M + TrAA9A and yellow star for

M + TrCel45A + TrAA9A.
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Fig. 5. Variation of dissolution time as a function of (A) fiber saturation point (full symbols) and micropores (open symbols), (B) water retention value, (C) fines, and
(D) fibrillation. The color and the shape of the symbols indicate the sample: black circle for the reference, gray square for M, red triangle for M + TrCel45A, blue

diamond for M + TrAA9A and yellow star for M + TrCel45A + TrAA9A.

is the torque plateau itself.

According to the DTR test, the treatments activated the pulp to
different extents (Fig. 3). All the treated samples had lower torque pla-
teaus and shorter dissolution times than the reference, but the two pa-
rameters were not proportional to each other. The plateau values were
mainly driven by viscosity and consequently by the degree of poly-
merization, while the dissolution time was simultaneously affected by
all the morphological, molecular, and supramolecular features of the
pulp.

The 5 h mixing at high solids content reduced the dissolution time by
almost 20 %. However, the combination of the high consistency mixing
with the hydrolytic and oxidative mechanisms of endoglucanase and
LPMO shortened the dissolution even further. The TrCel45A proved
more effective than the TrAA9A, and the shortest dissolution time was
achieved treating the pulp with both endoglucanase and LPMO. The
treatments with TrCel45A, TrAA9A and their mixture decreased the
dissolution time by 38, 26 and 53 %, respectively. The dissolution
became faster with the shortening of cellulose chains and the increase in
fines, fibrillation, porosity (both meso- and micropores) and swelling
produced by the treatments (Figs. 4 and 5), even if these increased also
the crystallinity and the crystallite size. Considering that all these
properties were maximized when TrCel45A and TrAA9A were used
together, this treatment led to the fastest dissolution.

4. Conclusions

The mechano-enzymatic treatments accelerated pulp dissolution

integrating the effects of hydrolytic and/or oxidizing depolymerization
to the mild refining action of mixing at high solids content. TrCel45A
and TrAA9A increased pulp crystallinity index and cellulose crystallite
size, but they also increased the fines, fibrillation, FSP, and WRV already
improved by mixing alone. However, TrAA9A had no effect on pulp
micropores, and its changes were less pronounced than those of
TrCel45A.

The morphological and molecular changes were greatest when
TrCel45A and TrAA9A were used together. The solubilized sugars might
suggest that endoglucanase and LPMO acted synergistically, while the
reducing end aldehydes and the molecular and morphological features
indicate that the positive effect was the result of an additive behavior.
The pulp treated with both TrCel45A and TrAA9A was the fastest to
dissolve.

This study focused on dissolution time, which is one important
aspect of pulp reactivity. Future studies could also consider the amount
and type of undissolved material which is also relevant.
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