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Abstract The purpose of this study is to examine 
the hornification of enzymatically hydrolyzed high 
consistency softwood kraft pulp in an experimental 
defibration dryer. This device dries pulp under turbu-
lent conditions which can prevent interfiber bonding 
and produce a separated fiber population. This is use-
ful in certain applications, such as composites, which 
require dry, unbonded pulp fibers. In this study, we 
examine how fibrillated pulps behave in the dryer 
with respect to pore expansion in hydrolysis and col-
lapse in drying (hornification). It was found that the 
endoglucanase cocktail increased the micro-, meso-, 
and macropore volumes as a function of hydrolysis 
time. Drying decreased the pore volumes of each size 
category, with the biggest changes in the macropore 
region. The pulp with the highest swelling after 
hydrolysis had the lowest swelling after drying. The 
mesopores that were formed in hydrolysis were some-
what preserved after drying. After drying, unfibril-
lated pulp had good fiber separation, while the highly 
fibrillated samples formed sub-millimeter, spherical 
particles.

Keywords Defibration drying · Microfibrillated 
cellulose · Enzymatic hydrolysis · Pore volume · 
Hornification

Introduction

Today, many plastic and petrochemical-rich products 
are attempting to improve their environmental foot-
print by incorporating more natural materials into 
their structure (Dadi et  al.  2006; Gupta and Verma 
2015; Wahlström and Suurnäkki 2015; Wyman 
et  al. 2005). Cellulosic fibers are strong, biodegrad-
able, and with the potential to substitute less sustain-
able materials. Thus, lignocellulosic pulp fibers have 
received much attention in both scientific (Arevalo-
Gallegos et al. 2017; Barakat et al. 2014; Fatma et al. 
2018) and commercial arenas (Alvira et  al. 2010; 
Gupta and Verma 2015; Ingle et al. 2017).

Many applications, such as fiber reinforced poly-
mer composites or air-laid nonwovens (Hegyesi et al. 
2019; Santos et al. 2021; Sharma et al. 2019), require 
dry fibers that are unbonded to each other and in a 
desirable conformation. These single fibers are usu-
ally obtained by the mechanical processing of dried 
“fluff” pulp sheets. However, the mechanical impact 
of hammermills or disintegrators can shorten the fiber 
length, therefore altering the reinforcement provided 
by fibers within the composites. For this reason, it 
would be desirable to dry pulp while preventing the 
fiber bonding and damage.

In a typical pulp drying machine (Vainio and Paul-
apuro, 2007), interfiber bonds are formed between 
the fibers as water is removed and consolidation 
occurs. The fibers enter the pulp dryer in an aqueous 
suspension, and are formed into dry, bonded sheets 
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for further transport and processing. When water 
is removed, surface tension pulls the fibers together 
and eventually forms interfiber hydrogen bonds. 
Flash drying is an alternative process where pastes, 
granules and other forms of solids are dried in an air 
stream, usually with the aid of cyclones and various 
separation and homogenous stages (Zimmermann 
et al. 2016). Defibration drying is a type of flash dry-
ing where mechanical agitation and turbulent air flow 
are applied simultaneously to a high consistency pulp 
suspension. The mechanical stresses overcome sur-
face tension forces and separate individual fibers from 
the flocs. Thus, moisture is removed and the forma-
tion of interfiber bonds is prevented.

The morphology of freely dried fibers can be 
different from sheet-dried fibers (Ko et  al. 2005; 
Paajanen et al. 2019; Yancey et al. 2003). For exam-
ple, they can undergo shrinking and twisting. There-
fore, it is important to understand how the structure is 
changed by free drying.

In many water-based pulp applications, such as 
paper and board production, pulp fibers are treated 
mechanically to soften and fibrillate the cell wall, 
increase fibers’ porosity and flexibility, and promote 
bonding and strength (Liu et al. 2016). The weaken-
ing of the internal structure of the fiber cell wall is 
called internal fibrillation, while the generation of 
fibrils on the fiber surface is called external fibrilla-
tion (Kang and Paulapuro 2006; Wang et  al. 2003). 
Fibrillation increases the strength potential of pulps 
and is essential for many applications (Liu et al. 2016; 
Singh et al. 2014; Wang et al. 2007). A number of dry 
fiber applications, especially composites and nonwo-
vens, could potentially benefit from the increased sur-
face area associated with fibrillation.

While fibrillation is usually achieved mechani-
cally with pulp refiners, it can also be performed 
chemically. Especially, high consistency enzymatic 
hydrolysis has received attention in the last few years 
(Rahikainen et al. 2019, 2020; Zhang et al. 2009) as a 
method to fibrillate and break down the cell wall in a 
controlled way. Cellulases, especially endoglucanase 
(Hammerer et al. 2020), are among the most impor-
tant β-glucosidases used to depolymerize cellulose. 
Hydrolysis with cellulase enzymes is a non-toxic and 
environmentally friendly way to fibrillate pulp fibers, 
enlarge their effective surface area, and increase their 
swelling ability (Gehmayr and Sixta 2012; Gourlay 
et  al. 2013; Grethlein 1985; Henriksson et  al. 2007; 

Ibarra et al. 2010; Rahikainen et al. 2019, 2020; Tang 
et al. 2012; Yang et al. 2019).

Drying fibrillated fibers, while maintaining their 
high porosity and surface area, is challenging because 
of the aggregation of microfibrils and collapse of the 
cell wall pores (Cichosz and Masek 2019; Koo et al. 
2020). This process is known as hornification. Horni-
fication is related to the strength loss of pulps and is 
the main limiting factor in the recycling of low-yield 
pulps (Duan et al. 2015; Minor 1994; Salmén and Ste-
vanic 2018). The changes to the cell wall pores can be 
used to quantify both fibrillation and hornification.

In a previous study (Paajanen et  al. 2019), it was 
observed that defibration drying could process unfi-
brillated kraft pulp into a collection of unbonded, 
twisted fibers. The present study determines how 
defibration drying affects the swelling and pore struc-
ture of a commercial low-yield pulp which have been 
enzymatically treated.

Materials and methods

Materials

The pulp used for these experiments was a never 
dried, bleached softwood (Norway Spruce and Scots 
Pine) kraft pulp (NDBSK) provided by a Finnish for-
est industry company. The enzyme used for the treat-
ments was ECOPULP R (AB Enzymes), a cellulase 
enzyme preparation with main activity endo-1,4-β-D-
glucanase produced from Tricoderma reesei.

Enzymatic treatment

NDBSK was wet disintegrated according to SCAN-
C 18:65. The pH was adjusted to 5.5-6, and the pulp 
solids content was increased to 20% w/w by filtra-
tion. The high consistency pulp was homogenized 
in a Kenwood food mixer at room temperature prior 
to hydrolysis A series of three pulp samples (Series 
I) was obtained by hydrolyzing pulp for 30, 70, and 
180  min at 55  °C with ECOPULP R. The enzyme 
dosage was 1.5  mg/g pulp (oven-dry basis). The 
pulps were then placed into plastic bags and kept in 
an ice bath to deactivate the enzyme. The samples of 
this first series are referred to as ND-0 (reference), 
ND-30, ND-70 and ND-180, where ND means never-
dried and the number represents the hydrolysis time.
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Drying

A second series (Series II) of samples, namely D-0, 
D-30, D-70 and D-180, was obtained by drying the 
reference pulp and the enzymatically treated pulps 
with a home-built lab-scale defibration dryer (Fig. 1). 
Pulp fibers are mixed by the rotor at the bottom of the 
drying chamber and agitated and dried by a hot turbu-
lent airflow.

Drying was monitored by measuring the relative 
humidity (RH, %) of exit air from the top of the dry-
ing chamber. The samples were considered dried after 
10 s of stable 1% RH, which corresponded to a final 
pulp solids content of about 90%. An illustration of a 
drying curve representing drying of never dried sam-
ples is shown in Fig. 2. The drying temperature was 

45 ℃ and the drying time ranged from 15 to 30 min 
depending on the sample. For each drying batch, the 
chamber was loaded with ca. 30 g (oven-dried basis) 
pulp at ca. 20% solids content. In the case of the most 
hydrolyzed and stickiest sample, D-180, the lid was 
opened several times to manually facilitate the homo-
geneity of the batch.

Characterization methods

Degree of polymerization and fiber morphology

The intrinsic viscocity of the samples belonging 
to Series I was measured according to SCAN-CM 
15:99. Furthermore, the degree of polymerization 

Fig. 1  Schematic representation (A) and a photo of the defi-
bration dryer from outside (B) and from inside (C). The device 
is composed by two parts: a drying chamber (at the bottom, 
drawn in black) and a filtration chamber (on top, drawn in 
blue) separated by a 0.05 mm metal mesh (5). Pulp is mixed by 
a rotor equipped with two opposing pairs of blades (1) and by 
a hot turbulent flow. Air is heated with in-line air heaters (AHP 
Series,  Omegalux®) (3), and turbulence is obtained by orien-

teering the six air inlets. A temperature sensor is connected 
to each air inlet, and a relative humidity sensor (4) measures 
the humidity of the air flowing out of the drying chamber. The 
RH% sensor and the window (2) allow to monitor the drying 
process. A small fraction of particles can exit the drying cham-
ber, but they are collected by the filtration chamber whose top 
is made of a 25 μm metal mesh (6)
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(DP) was calculated using the Mark-Hauwink equa-
tion, as suggested in (Ceccherini and Maloney 2019):

where [η] is the intrinsic viscocity and Q′ and α are 
parameters dependent on the polymer-solvent system. 
The measurement was performed in duplicates.

The fiber length, width, fibrillation, and fines 
content were measured by a Kajaani FS-200 Fiber-
lab Analyser (Metso). Measurements were done in 
triplicate.

The pulp samples, sputtered with platinum and 
palladium, were imaged using a Zeiss Sigma VP 
scanning electron microscope (SEM) equipped with 
a Schottky FEG emitter. The acceleration voltage of 
the microscope was set to 2.5 kV. Prior to the analy-
sis, the samples were solvent exchanged and critically 
point dried (Lovikka et  al. 2016; Rahikainen et  al. 
2020).

Fiber swelling was estimated by the water reten-
tion value (WRV). These tests were performed in 
duplicates according to a modified version of stand-
ard SCAN-C 62:00 suitable for highly swollen pulps 
(Rantanen et al. 2015).

Pore structure and fiber swelling

The pore structure of the samples was characterized by 
classifying the pore volumes in three categories: micro-, 
meso- and macropores. In a slight deviation from the 
IUPAC definition, we separated the three pore catego-
ries based on the following pore diameter (D) ranges: 
micropores: D < 3.2  nm, mesopores: 3.2 < D < 50  nm 
and macropores: D > 50  nm. The micropores were 
measured by solute exclusion, the mesopores by  N2 gas 

[�] = Q�(DP)
�

sorption, and the macropores were calculated subtract-
ing the mesopores from the water retention value.

The solute exclusion technique, ordinally developed 
by Stone and Scallan (Stone and Scallan 1968a), is 
based on measuring the water inaccessible to a dextran 
probe molecule which is assumed to not adsorb or oth-
erwise interact with the fiber surface. In this version of 
the test (Grönqvist et al. 2014), micropores were meas-
ured using a 5000 Dalton dextran with a Stokes diam-
eter of 3.2 nm (T5 by Pharmacosmos).

N2 adsorption was used to measure the mesopore 
volumes. Given that this technique is applicable only to 
dried samples, the pulps were critical point dried (CPD) 
to minimize the shrinkage of the wet pores. Prior to the 
drying, the samples were solvent-exchanged with dry 
acetone. Then, acetone was exchanged with liquid  CO2 
and  CO2 was evaporated above its critical point, where 
its surface tension is negligible.  CO2 exchange and dry-
ing of the samples were done in Leica EM CPD300. 
Further details of the exchange protocol can be found 
in Lovikka et  al. (2016). About 50  mg of CPD dried 
pulps were quickly transferred into the sample tubes 
of the  N2 sorption analyzer (Tristar II by Micromerit-
ics). The adsorption isotherms were used to calculate 
the mesopore volume from the Barrett, Joyner, and 
Halenda (BJH) model (Lange et  al. 2014). The iso-
therms were analyzed by the Tristar 3020 software by 
Micromeritics. The mesopore volume measured by  N2 
adsorption is hereafter referred to as CPD mesopores.

Fig. 2  Drying rate curves 
of the wet pulps: the refer-
ence pulp (ND-0) and the 
hydrolyzed pulps (ND-30, 
ND-70, and ND-180). The 
defibration dryer is con-
nected to an Arduino soft-
ware that records relative 
humidity over time. When 
the relative humidity of the 
air is stable at 1% for 10 s, 
the pulp is considered dried 0
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Results and discussion

Enzymatic fibrillation

As shown in Table 1, Fig. 3, the enzymatic hydrol-
ysis caused a significant change to pulp DP, fiber 
morphology and fines content. The DP is lowered, 
the fibers are cut and fines and external fibrilla-
tion increase with longer hydrolysis times. Figure 3 
shows that at 0  min hydrolysis time, the fibers are 
intact and unfibrillated. At 30  min, the surface of 
the fibers shows extensive external fibrillation. At 
70 min the fiber structure has significantly deterio-
rated. By 180 min, the fiber structure is almost com-
pletely destroyed and the sample is converted from 
a fiber suspension to a high consistency microfibril-
lated cellulose paste.

The width of cellulases is typically around 
4–6  nm (Bubner et  al. 2012), while the cell wall 
pores of low-yield pulp fibers are mostly in the 
range of 10–30  nm (Stone and Scallan 1967). 
Thus, Ecopulp R can diffuse into the cell wall. The 
enzyme attacks the less ordered regions of cellulose 
and lowers the modulus, allowing the cell wall to 
swell. In Table  2, the process of “internal fibrilla-
tion” increases the expansion of the cell wall across 
all pore classes. The macropores pass from 1.15 
to 3.10, the micropores from 0.35 to 0.85, and the 
mesopores from 0.33 to 0.46 mL/g. The expansion 
of the micropores due to the hydrolysis is particu-
larly notable, because usually purely mechanical 
fibrillation of low yield pulp does not significantly 
impact on this category of small pores; instead 
macropores are opened are opened are opened 
are opened are opened are opened are opened are 
opened. The increase in micropore volume sug-
gests that the enzyme used here partially loosened 
up the fibril aggregates (Rahikainen et al. 2020). On 
the other hand, the increase in macropore volume 

shows that the enzymatic hydrolysis expanded the 
space between the cell wall lamellae and partially 
deaggregated the macrofibrils.

Defibration drying

The samples dried in the defibration dryer are shown 
at a low magnification in Fig. 4 and high magnifica-
tion in Fig. 5. Without hydrolysis, the fibers are fairly 
well separated. In Fig.  5(1), curls and kinks intro-
duced by this type of drying are shown. The process 
of fiber twisting in free drying has been more thor-
oughly described elsewhere (Gärd and Kemiteknik 
2002; Sheng-Hsin and Chan  2005). After 30 min 
hydrolysis, the fibers are already more difficult to 
dry separately. The wet, fibrillated fiber surface gives 
higher interfiber adhesion which the turbulence of 
drying cannot fully overcome. By 70 min, the indi-
vidual fiber fragments do not really separate and the 
aggregates begin to form spherical structures. At 180 
min, a collection of mostly sub-millimeter spherical 
particles is generated. While the separated fibers in 
Fig. 5(1) have applications in composites, nonwovens 
and other fiber products, the beads shown in Fig. 5(4) 
may have uses in cosmetics and other applications of 
microbeads where plastics are currently used.

In addition to the gross morphological changes the 
samples undergo in drying, the fibers also hornify. 
Hornification refers to the loss in swelling of a pulp 
or cellulosic material when it is dried and rewetted 
(Diniz et  al. 2004; Laivins and Scallan 1993; Stone 
and Scallan 1968b). The underlying phenomenon in 
hornification in the aggregation of the elementary 
fibrils (2–5 nm diameter) into macrofibrils (10–60 
nm diameter) which may proceed through an irrevers-
ible hydrogen bonding mechanism (Donaldson 2007; 
Kekäläinen 2016; Klemm et  al. 2005). The extent 
of hornification depends on drying temperature, 
mechanical processing, chemical environment and 

Table 1  Degree of 
polymerization (DP) 
and fiber morphology in 
hydrolysis

*Length-weighted average

Sample (min) DP (number) Intrinsic viscos-
ity [η] (ml/g)

Fines (l*) (%) External 
fibrillation 
(%)

Fiber 
length (l*)
(mm)

0 (reference) 2775 ± 2 943.54 ± 0.29 4.30 1.17 2.33
30 937 ± 3 413.48 ± 0.78 5.63 1.68 2.18
70 524 ± 2 265.74 ± 0.5 28.8 3.25 1.09
180 168 ± 3 112.16 ± 0.97 94.9 6.40 0.08
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other factors (Aghajanzadeh et al. 2022; Giacomozzi 
and Joutsimo 2015; Kato and Cameron 1999). The 
loss of swelling greatly affects bonding, rheology and 
other end-use issues (Ceccherini and Maloney 2019; 
Forsström 2004). To a certain extent, hornification 
is the opposite process of internal fibrillation, so it is 
important to understand how enzymatic fibrillation 
and hornification in the defibration dryer are related.

The loss in swelling or shrinkage for both the 
macropores and micropores is shown in Fig. 6. These 
measurements are performed in the wet state and 

are somewhat comparable with each other (Khan-
jani et al. 2017; Lovikka et al. 2016). For the unhy-
drolyzed sample, there is no reduction in micropore 
volume, but about 10% shrinkage of macropores. 
This agrees with earlier studies, which show that 
hornification of kraft pulps affects predominantly the 
larger pores (Maloney and Paulapuro 1999; Wang 
2006). However, when the samples are hydrolyzed, 
the pore shrinkage changes. The macropore collapse 
increases throughout the experiment up to about 90% 
loss in volume at 180  min. This is largely expected 

Fig. 3  SEM images of the fibers before and after hydrolysis. All the samples were critical point dried
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as swollen, large pores have low compression strength 
and easily collapse from surface tension forces. 
Micropore collapse, on the other hand, increases from 
0 up to a maximum of about 20% at 90 min hydroly-
sis time, before decreasing.

To gain a better understanding of the changes to 
the pore structure due to hornification, the samples 

were analyzed with critical point drying followed by 
 N2 adsorption analysis. CPD attempts to preserve 
the wet-state pore structure by exchanging the water 
for  CO2, which is then removed above the critical 
point, where surface tension is near 0. Given that 
the pore shrinkage caused by CPD is minimum, the 
pore size distribution (PSD) of the dried samples 

Table 2  Pore volumes in different pore size classes for samples before and after drying

Method Water retention value
(mL/g)

Solute exclusion, (3.2 nm probe)
(mL/g)

Nitrogen sorption
(mL/g)

WRV-solute exclusion
(mL/g)

Dominant pore class Cell wall Micropores (opening) Mesopores Macropores

Sample preparation Wet Wet Critical point dried Wet

ND-0 1.48 ± 0.02 0.35 ± 0.04 0.33 ± 0.02 1.15
ND-30 1.67 ± 0.01 0.49 ± 0.04 0.34 ± 0.01 1.33
ND-70 2.46 ± 0.01 0.72 ± 0.01 0.39 ± 0.01 2.07
ND-180 3.50 ± 0.02 0.85 ± 0.07 0.46 ± 0.00 3.10
D-0 1.19 ± 0.01 0.36 ± 0.05 0.18 ± 0.02 1.04
D-30 1.23 ± 0.04 0.42 ± 0.02 0.22 ± 0.01 1.04
D-70 1.07 ± 0.08 0.54 ± 0.02 0.25 ± 0.03 0.82
D-180 0.92 ± 0.00 0.77 ± 0.00 0.39 ± 0.03 0.53

Fig. 4  Images of hydrolyzed fibers upon drying: 1 D-0, 2 D-30, 3 D-70, and 4 D-180
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is assumed to reflect the situation in the wet state, 
at least relatively. CPD/N2 porosimetry is mostly 
accurate in the mesopore range (2–50  nm ca.) and 
gives information on the size of the pore body, as 

opposed to solute exclusion, which is sensitive to 
pore opening.

In Fig. 7, the adsorption/desorption isotherms are 
shown for both the hydrolyzed and dried samples. 

Fig. 5  SEM images of hydrolyzed fibers upon single fiber drying: 1 D-0, 2 D-30, 3 D-70, and 4 D-180

Fig. 6  Shrinkage for macropores (squares) and SE-micropores (X) versus hydrolysis time when the samples are dried and rewetted
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The PSD calculated from the BJH model are shown 
in Fig. 8. Type II isotherms with hysteresis, such as 
these, are typical for pulp fibers (Lovikka et al. 2016). 
Figures 7A and  8A show the effects of the hydroly-
sis. Longer hydrolyses lead to higher  N2 adsorption 
at higher relative pressures which correspond to an 
increase of the macropores. This is a typical pattern of 
change when pulp fibers are mechanically processed. 
In this case, pore opening from fibrillation (Fig. 8b) 
extends into the mesopore range, to 20–30  nm pore 
diameter. Here the difference between the CPD and 
the solute exclusion test must be recognized. It is well 
known in the solute exclusion test, that surface inter-
actions limit the accessibility of probe molecules that 
are at or near the same size of the pores, skewing the 
apparent PSD towards smaller pores (Alinee and van 
de Yen 1997). Therefore, it is possible that expansion 
of mesopores is detected in the SE-micropore test.

The effect of drying on the samples is shown in 
Figs. 7B and 8B. The differences in PSD that emerge 

after hydrolysis are accentuated when the samples are 
dried. Furthermore, the PSD is shifted to even smaller 
pores. For example, the pore volume of the ND-0 
sample is about 0.24 mL/g, and after 180 min hydrol-
ysis, 0.28 mL/g. After drying, D-0 is 0.13 mL/g com-
pared to 0.32 mL/g for the D-180 sample. So, the dif-
ferences in mesoporosity are not only preserved, but 
magnified after hornification in the defibration drier. 
The pore geometry after both hydrolysis and drying 
has undergone considerable distortion compared to 
the unprocessed sample.

Conclusions

The present work investigated the morphology, swell-
ing and PSD of a series of kraft pulps first treated 
with commercial endoglucanase and then dried with 
a lab-scale defibration dryer.

Fig. 7  BET isotherms  (N2 sorption) for the sample Series I (A) and series II (B).

Fig. 8  Pore size distribution  (N2 sorption) for the sample Series I (A) and series II (B)
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The enzymatic hydrolysis caused cellulose chain and 
fiber cutting, external fibrillation, and cell wall expan-
sion across all pore classes. After 180 min hydrolysis, 
the fiber structure was nearly completely destroyed and 
a microfibrillated paste was obtained. Macropore and 
SE-micropore volumes increased by 170 and 143%, 
respectively.

Defibration drying of unhydrolyzed samples led to 
nearly complete fiber separation. However, the drying 
of more hydrolyzed samples formed nearly spherical 
sub-millimeter beads. The collapse and shrinkage of 
the various pore classes in drying/rewetting followed a 
complex pattern. The collapse of macropores increased 
as a function of the hydrolysis time, reaching 90% at 
180  min treatment time. Micropores formed in the 
enzymatic fibrillation partially collapse in hornification, 
but to a lower extent than macropores. The combina-
tion of enzymatic hydrolysis conditions and drying con-
trol give a route for modulating cellulosic material pore 
structure across a wide range.
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