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Abstract: The hypothesis is that it should be possible to
modify papermaking conditions in line with the soften-
ing properties of high yield pulp fibres and achieve similar
strength properties to conventional chemical pulp based
paper. We therefore investigated the rheological and phys-
ical properties of high yield pulp based papers during
hot-pressing. Our results confirm that increased temper-
ature combined with sufficient pressure enables perma-
nent densification by softening of lignin, producing very
high tensile strength. This treatment also significantly im-
proved the wet tensile strength in comparison to bleached
kraft pulp without using wet strength agents. The high
yield pulps used here were spruce based thermomechan-
ical pulp, chemi-thermomechanical pulp, and high tem-
perature chemi-thermomechanical pulp, and birch-aspen
based neutral sulphite semi chemical pulp, with spruce-
pine based bleached kraft pulp as reference. Rapid Köhten
sheets of 150 g/m2 and 50% dryness were hot-pressed in a
cylinder-press at 20–200 °C, 7MPa, and 1m/min. The me-
chanical properties showed great improvements in these
high yield pulp papers, with tensile index increased to
75 kNm/kg and compression strength index to 45 kNm/kg;
levels close to and better than bleached kraft.Wet strength
increased to 16Nm/g compared to 5Nm/g for bleached
kraft.
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Introduction

The movement away from environmentally destructive
plastics brings paper products into the forefront, as they
decay more quickly, are biologically degradable, and are
produced from wood fibre, which is a renewable resource.
It is also clear that themarket for printing papers is declin-
ing due to digitalization, while the demand for bio-based
packaging solutions is increasing.

Under conventional papermaking conditions, the
high yield pulps (HYPs) traditionally used in printing pa-
per products provide too low tensile strength to compete
with kraft pulps in products with high strength demands,
such as liner and sack paper products. Improved method-
ologies to produce strong paper materials from HYPs are
therefore of great interest.

In mechanical pulp, defibration is an energy demand-
ing process, and so much effort has been made to develop
and investigate the properties of the wood fibre material.
Many researchers (Atack 1972, Goring 1963, Irvine 1984,
Salmén 1982, 1984) emphasize that the thermal transitions
of thewood components have amajor influence on theme-
chanical pulping process, mainly due to the softening of
lignin and hemicellulose by heating and the plasticising
effect of water. The refining energy is significantly reduced
when defibration occurs at a temperature of 170 °C (well
above the softening point of lignin), due to the viscoelastic
properties of the wood fibres. Since the lignin is enriched
between the fibres, in the middle lamella, the defibration
will take place there, leaving the fibres intact and richly
coated with lignin. This was shown experimentally by At-
ack in 1972; pulp fibres produced in a pressurized refiner
at a temperature of 115 °C gave coarse fibre surfaces, while
those produced at 170 °C gave smooth fibre surfaces (Atack
1972). Due to the kinetic transition of the lignin, the glass
transition temperature (Tg) can shift depending on the
shear rate in the refinery or the frequency used in the lab-
oratory methods. This means that a shorter time interval
increases the softening temperature of lignin, which is the
case in a high-frequency dynamic load refinerywhere high
shear rates apply. This is true for polymers in general that
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viscoelastic behaviour depends on the time scale of mea-
surement procedures as well as the temperature (Irvine
1984, 1985). Below Tg, the lignin coated fibres are rigid
and glassy, have low flexibility, require more energy when
defibrated, and have poorer fibre-fibre bonding ability. In
the early 1960s, Gupta et al. (1962) investigated the bond-
ing and adhesion properties of isolated lignin of different
origins, applied to paper samples. Their general conclu-
sions were that strength and adhesion increase with lower
softening temperature, higher ionization, higher pressure,
and longer press time, and that moisture content is im-
portant as softener. Hypothetically, to utilize lignin as a
strength enhancer, it would be desirable to reduce Tg, to
use lignin covered fibre surfaces, to have a sufficiently long
hot-pressing time at a temperature well above Tg, and to
ensure a high enough initial moisture content. The fact
that HYPs may contain extractives that can reduce bond-
ing between fibre surfaces should also be taken into con-
sideration (Rundlöf et al. 2000). Mill scale studies have
shown that even small amounts of extractives can have a
negative influence on sheet strength.

The tensile strength of paper depends both on the fi-
bre strength and on the bonding strength between individ-
ual fibres (Page 1969, Stone and Clayton 1960). Zero span
measurements have shown that removing lignin by treat-
ing with sodium chlorite at pH 4.5 decrease the strength
of individual fibres but increase the strength per unit pa-
per weight. This could be interpreted to mean that lignin
in fibre possesses some tensile strength of its own.

In the paper forming section, the strength of HYP
based paper can be increased by means of press drying,
due to the viscoelastic properties of lignin and hemicellu-
lose (Byrd 1979). During press drying at high temperature,
the moist HYP fibres become compressible, which enables
densification of the sheets and increases bonded areas, re-
sulting in improved strength properties (Back 1984).

Press drying technology dates back to Mason’s in-
novation in 1925 involving single-stage press drying for
hardboard production of very coarse steam exploded fi-
bre material, resulting in three patents (Mason 1931, 1937,
1938). In the late 1970s, Wahren invented the impulse dry-
ing technique, where the paper web is passed between
a heated press roll and felt covered cold roll; the dwell
time in the press nip was a few seconds (Wahren 1982).
This technique was further developed in 1990s with an
extended nip (shoe press), dwell time up to 50msec, and
temperatures up to 450 °C. The main obstacle to impulse
drying was delamination, and so the process never be-
came commercialized. The Condebelt technique was de-
veloped in the early 1970s for preserving bulk and increas-
ing strength, and was implemented in industry in 1996

in a Finnish board machine in Pankakoski, Finland. Low
temperature and very low pressure were applied, while
the time that the paper web was exposed to heat was ex-
tended to several seconds (Lehtinen 1998). Throughout the
history of papermaking, the improved strength properties
achieved by pressing at elevated temperature have been
confirmed, but further development of this knowledge has
been sparse in recent years (Lucisano 2002, Klinga et al.
2007, Pettersson et al. 2017, Norgren et al. 2018).

The most recent work using a press drying technique
was performed by researchers at FSCN, Mid Sweden Uni-
versity, on a laboratory cylinder press available at MoRe
Research in Örnsköldsvik (Pettersson et al. 2017, Norgren
et al. 2018). The results indicated a possibility of reach-
ing the same level of tensile strength with HYP as with
bleached kraft pulp, as well as somewhat better compres-
sion strength. Another very important result is that sheets
based on lignin-rich pulp show much higher wet strength
than sheets from bleached kraft pulps when pressed at a
high temperature well above the softening point of lignin.

The main objective of the research presented here is
to contribute to the development of new very strong and
biodegradable HYP based packagingmaterials, by achiev-
ing increased understanding of how a novel type of hot-
pressing technology can be optimised.We studied the rhe-
ological and physical properties in paper sheets based
on various HYPs when hot-pressed at increasing temper-
ature. Our primary interest was in investigating the devel-
opment of dry and wet strength properties without adding
strengthening agents, which is important from an envi-
ronmental point of view. We used pressing temperatures
ranging from 20 °C to 200 °C, a constant nip pressure of
about 7MPa, and paper sheets with a dry content (d. c.) of
45–50%. The analysis included fibre and pulp character-
ization, physical paper properties, scanning electron mi-
croscopy (SEM) of paper surfaces, and light microscopy of
sheet cross section.

Materials and methods

Paper sheets were prepared from five different pulps:
chemi-thermomechanical pulp (CTMP) from Norway
spruce (Picea abies) with Canadian standard freeness
(CSF) of 420ml, for paperboard; high temperature CTMP
(HT-CTMP) fromNorway spruce with CSF of 630ml, for tis-
sue; thermomechanical pulp (TMP) from Norway spruce
with CSF of 55ml, for light weight coated paper; neutral
sulphite semi chemical pulp (NSSC) from 90/10 European
birch/aspen (Betula pendula/Populus tremuloides) with
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Table 1: Pulp characterisation.

Pulp CTMP HT-CTMP TMP NSSC B Kraft

Cellulose (%)
(KA 10.314)

46.9 48.2 46.3 52.0 82.1

Hemicellulose (%)
(KA 10.314)

25.7 24.4 23.7 24.5 17.5

Lignin (Klason) (%)
(T222)

26.6 26.2 28.0 16.8 0.01

Acid soluble lignin
(%) (T-UM 250)

0.7 0.7 0.7 6.1 0.4

Acetone extract (%)
(ISO 14453)

0.15 0.19 1.27 0.55 0.042

CSF Freeness (ml)
(ISO 5267-1)

420 630 55

°SR
(ISO 5267-1, -2)

25 27

Fibre length (mm)
(PulpEye)

1.46 1.66 0.83 1.11 1.99

Fibre width (µm)
(PulpEye)

31 32 30 27 25

Shive content (sum/g)
(PulpEye)

572 112 4907 2556 28

Fines (%)
(PulpEye)

34.5 29.0 62.4 13.6 11.2

State of pulp Dry Dry Wet Wet Wet

Schopper-Riegler freeness (SR°) of 25, for fluting grades;
and a bleached kraft pulp from a mixture of Scots pine
(Pinus sylvestris) and Norway spruce. The pulps were col-
lected directly from the paper mills. All laboratory work,
sheet preparation, hot-pressing, and analysis were per-
formed at the laboratory of MoRe Research Örnsköldsvik
AB. Table 1 shows the characterization of the different
pulps used in this research. The carbohydrates were anal-
ysed with ion chromatography according to SCAN-CM
71:09. Cellulose and hemicellulose were calculated ac-
cording to an internal MoRe research standard (KA 10.314)
as follows:

For hardwood:

Cellulose (%) = Glucose (%) of Carbohydrates

−
Mannose (%) of Carbohydrates

2
For softwood:

Cellulose (%) = Glucose (%) of Carbohydrates

−
Mannose (%) of Carbohydrates

3
Hemicellulose (%) = 100 (%) − Cellulose (%)

Cellulose, hemicellulose, lignin, acetone extract, and
acid soluble lignin content in each pulp sample were cal-
culated as percentages of the total weight. The fibre data

(Table 1) were analysed with the PulpEye instrument, and
calculated as follows:

Fibre length: l = ∑(l × l)/∑(l), l > 0.2mm

Fibre width: b = ∑(b × l)/∑(l), l > 0.5mm

Fines = ∑ a/∑A × 100 (%), l < 0.2mm

∑ a is the total area for fibre objects defined as fines, and
∑A is the total area for all analysed objects. The shive con-
tent was calculated as the sum of width, b = area/length,
when b > 75µm, l > 0.3mm per 1 gram of pulp.

Pulp preparation

CTMP (CSF 420ml, yield 95%) and a low energy HT-CTMP
(CSF 630ml, yield 95%) were produced by the SCA Ös-
trand mill in Sweden, then bleached with peroxide and
flash dried to 92.1% and 91.8% d. c. respectively. The
CTMP used as the reference pulp in this study has been
studied thoroughly in earlier research (Pettersson et al.
2017). A low freeness unbleached TMP pulp (CSF 55ml,
yield 98%) from SCA Ortviken, Sweden was used wet at
29.5% d. c.. We also used a wet NSSC (yield 83%, 18.8%
d. c.) and a bleached kraft pulp (yield 45%, 23.9% d. c.)
which were beaten in a laboratory refiner to 25 and 27°SR
respectively. The pulps studied here covered a broad range
of properties, differing in terms of freeness, lignin content,
cellulose and hemicellulose content, fibre length distribu-
tion, fibrewidth distribution, fines content, and shive con-
tent (Table 1). Before making sheets, all pulps were hot-
disintegrated according to ISO 5263-3:2004. No chemicals
were added to the pulp furnishes.

Sheet preparation

Handsheets were prepared in a Rapid Köthen (RK) sheet
former (Paper Testing Instruments, Pettenbach, Austria)
according to ISO 5269-2:2004. The fibre suspension was
6.0 g/l. Sheets with a grammage of 150 g/m were formed
after vigorous aeration of the fibre suspension just be-
fore sheet preparation. The sheetswere then press-dried at
100 kPa pressure under restrained conditions at 90 °C un-
til they reached 45–50% dryness content. The handmade
laboratory paper sheets made in the RK equipment had
no fibre orientation. The paper sheets were stored in well-
sealed plastic bags for approximately 24 h at room tem-
perature before being hot-pressed in a rotating cylinder
press.
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Figure 1: Hot cylinder press machine with oil heated cylinder and
one press nip. Reproduced with permission of Pettersson et al.,
FSCN/Mid Sweden University.

Press drying equipment

The hot cylinder press machine used in these experiments
was located at MoRe Research Örnsköldsvik AB (Figure 1).
The diameters of the cylinder and the press roll were 0.8m
and 0.2m respectively. The larger cylinder was oil heated,
and the fabric was a two-ply felt. The feeding rate was
1m/min and the press nip was 7MPa throughout all the
trial points. The press time of the felt was about 70 sec
and the press nip time was about 1.5 sec calculated on
a nip length of about 25mm measured with sensor films
from Fuji (Prescale LW 2.5–10MPa). The trials were all per-
formed at four different nip temperatures: 20 °C, 100 °C,
150 °C, and 200 °C. The TMP sheets started to delaminate
at 200 °C, and so in this case the hot-pressing was done
only up to 180 °C. The reason for this delamination was
probably the substantially higher fines fraction in TMP
with CSF 55, which gives a more closed surface. Moist
sheets (45–50%d. c.) were inserted on the felted fabric be-
tween the press roll and the heated cylinder of the rotating
dryingmachine. Thepaper sheets emerging from the cylin-
der press were bone dry, above 93 °C. In order to achieve
bone dryness in the trial points pressed at 20 °C, they were
passed through the cylinder press twice without nip pres-
sure in strain at a temperature of 40 °C.

Sheet testing

Sheet testing was carried out after conditioning according
to ISO 187. Grammage was determined according to ISO
536, and density according to ISO 534. Tensile testing was
conducted according to ISO 1924-3,which also includes the
method for tensile stiffness and elongation to failure. Short
span compression test (SCT) index was measured accord-
ing to ISO 9895.Wet tensile strengthwasmeasured accord-
ing to ISO 3781. The standard deviation (SD) was calcu-
lated on 10 measurements for each test point, and is given
in the diagrams as 2SD.

Figure 2: SEM pictures of surface of paper sheets of CTMP pressed
at 20 °C (A) and 200 °C (B). Resolution is 500× (50µm).

Contact anglemeasurementwas carried out according
to an automatic drop method with DAT 1100-Fibro System
AB and standard T558. SEM analysis of the sheet surface
was evaluated on the resolution at 500×. Sheet cross sec-
tions were stained with KMnO4 for 6 minutes on cross cuts
and then evaluated with light microscope and transmitted
light camera lenses 20× (50µm) and a resolution of 300×.
Cross sections were also evaluated with a fluorescent mi-
croscope using 20× (20µm) camera lenses and a resolu-
tion of 600×.

Results

Microscopical analysis

The SEM analysis of the CTMP sheet surface clearly
showed how the fibres collapsed when pressed at high
nip temperature (Figure 2). The fibre structure was much
denser and the fibre lines almost vanished at 200 °C.

Fluorescence microscopy analyses of cross sections of
CTMP and TMP samples hot-pressed at 20 °C and 200 °C
(180 °C for TMP) revealed the presence of lignin as bright
yellowish areas, and how the rheology change the form
of fibres under these conditions (Figure 3). The arrows
in Figure 3 show the bright areas where lignin was en-
riched, mostly surrounding the fibres. The location of
lignin seemed to remain after hot-pressing at 200 °C and
180 °C (Figure 3: B and D).

Cross sections of paper samples of CTMPandbleached
kraft pulps were analysed by light microscopy after stain-
ing with KMnO4 for 6 minutes (Figure 4). The lignin re-
acts with KMnO4 and the more intense the colour, the
higher the lignin content. This can be clearly seen in Fig-
ure 4 when comparing CTMP (26.6% lignin) to bleached
kraft (0.01%); the stiff fibre structure of CTMP collapsed
when pressed at high temperature, whereas the fibres in
the bleached kraft were already collapsed at room temper-
ature due to the flexibility of the material.
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Figure 3: Fluorescent microscopy of cross sections of paper sheets
exposed to fluorescence light at a resolution of 600× (20µm).
(A) CTMP hot-pressed at 20 °C, (B) CTMP hot-pressed at 200 °C,
(C) TMP hot-pressed at 20 °C, and (D) TMP hot-pressed at 180 °C (D).
The arrows point to bright areas that indicate lignin.

Figure 4: Light microscopy of cross sections of paper sheets at a
resolution of 300× with 20× (50µm) camera lenses, stained with
KMnO4 for 6 minutes. (A) CTMP hot-pressed at 20 °C, (B) CTMP
hot-pressed at 200 °C, (C) bleached kraft hot-pressed at 20 °C,
(D) bleached kraft hot-pressed at 200 °C. Arrows indicate non-
collapsed (A) and collapsed (B, C, D) fibres.

Physical properties

The CTMP, HT-CTMP, and TMP based paper sheets all
showed a substantial increase in density when the nip
temperature increased from 20 °C to 200 °C (180 °C for
TMP) (Figure 5). Still, the densities at 200 °C were about

Figure 5: Density as a function of temperature in the pressure nip.
Five different pulp mixtures pressed at 20 °C, 100 °C, 150 °C, and
200 °C (180 °C for TMP).

10% lower for the HYPs than for bleached kraft. The in-
crease in density was 103% for HT-CTMP, 51% for CTMP,
and 74% for TMP. The reason for the HT-CTMP gaining
moredensity than theCTMP is probably the initially higher
bulk, which in turn is due to the low refining energy
needed to reach a certain low shive content compared
to conventional CTMP (Table 1). The NSSC based paper
showed only a slight increase in density over the tempera-
ture interval, probably because the pulp mix of hardwood
produced a denser structure even at 20 °C. Bleached kraft
pulp did not show a significant increase in density with
increasing temperature (Figure 5). The fibres and the fibre
structure in the bleached kraft pulp had already collapsed
and become denser due to the removal of all the lignin and
most of the hemicellulose from the fibrewalls, as also seen
in the light microscopy pictures.

The tensile strength index for the HYPs increased sig-
nificantly with the increase in density (Figure 6). CTMP in-
creased by 98%, HT-CTMP by 153%, TMP by 82%, and
NSSC by 45%; conversely, the bleached kraft pulp in-
creased only very slightly (7%). The tensile index for the
CTMP and theHT-CTMPwas about 70 kNm/kg, close to the
80 kNm/kg of the bleached kraft despite a 10% lower den-
sity for the former two materials. It is also interesting that
the tensile index of the NSSC increased to a very high level
of 93 kNm/kg (higher than for the bleached kraft) when
hot-pressed at 200 °C.

SCT index is a very important property for measuring
how well packaging can withstand crushing. The data in
Figure 7 reveal that when the sheet density was increased
by means of increasing pressing temperatures, the HYP
followed the same increasing trend in SCT. The CTMP in-
creased by 131%, HT-CTMP by 213%, TMP by 111%, NSSC
by 63%, and bleached kraft by 16%. All the HYPs reached
the same SCT index level as the bleached kraft when the
nip temperature was increased to 200 °C, but at a 10%
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Figure 6: Tensile index as a function of density. Error bars indicate
2SD. The increasing values are nearly linear with the increase in
temperature in pressure nip, except for bleached kraft.

Figure 7: SCT index as a function of density. Error bars indicate 2SD.
The graphs show a significant increasing SCT with increasing nip
temperature for the HYPs.

lower density (except for NSSC, which had a density of
910 kg/m3). The NSSC pulp reached very high SCT values,
well above the bleached kraft (52.4 vs. 37.2 Nm/g).

Elongation to failure is an important property that
reflects the brittleness of a material. When the nip tem-
perature was increased, the elongation to failure de-
creased generally for all pulps (Figure 8), indicating that
the material became more brittle as the temperature in
the nip increased. The HYPs had low elongation values
even at 20 °C, probably due to stiff fibres. The bleached
kraft pulp showed the highest elongation to failure as
well as the highest drop as the pressing temperature in-
creased.

Resistance against water is of great importance in
most packaging materials. The present data demonstrate
an interesting development ofwet strengthwhen the sheet
pressing temperature was raised to levels well above the
lignin softening range (Figure 9). It is obvious that the
significant development of wet strength will appear be-

Figure 8: Elongation to failure as a function of density at different
nip temperatures. Error bars indicate 2SD.

Figure 9:Wet tensile index (1 minute in water) as a function of tem-
perature in press nip. Error bars indicate 2SD. Nip pressure tempera-
tures of 20 °C, 100 °C, 150 °C, and 200 °C (180 °C for TMP).

tween 150 °C and 200 °C. Both the CTMP and the HT-
CTMP reached significantly high wet strength levels, over
15Nm/g, when the sheet nip temperature was increased
to 200 °C. The TMP (up to 180 °C) followed the same trend
as the CTMP and HT-CTMP, while the development of the
NSSC pulp was slightly lower. The bleached kraft did not
develop any significant wet strength.

In order to study the persistence of wet strength in the
paper sheets hot-pressed at 200 °C, they were observed af-
ter immersion in water for 1 minute, 1 hour, and 24 hours.
All the samples showed only very small changes over this
time interval (Figure 10). The CTMP and HT-CTMP lost re-
markably little wet strength over time, which gives these
materials a great potential in packaging where wet sta-
bility is essential. Papers are considered to have a wet
strength effect if the relative wet strength is higher than
15% (Dunlop-Jones 1991) of the initial tensile strength,
which both CTMP and HT-CTMP reached more than ade-
quately.
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Figure 10:Wet tensile index as a percentage of dry tensile index
measured after 1 minute, 1 hour, and 24 hours for paper sheets
pressed at 200 °C (180 °C for TMP) nip temperature. The red line
indicates the general level above which the paper is considered
stable in water.

Figure 11: Contact angle for sheets pressed at 200 °C nip tempera-
ture (180 °C for TMP). Error bars indicate 2SD.

Contact angle is a measure of hydrophobicity. A sur-
face is considered hydrophobic when the contact angle
is greater than 90°. The contact angles for CTMP, HT-
CTMP, and NSSC samples hot-pressed at 200 °C indicated
a surface hydrophobicity, as all three samples had an
initial contact angle of 100° (Figure 11). The TMP sam-
ple pressed at a nip temperature of 180 °C gave an ini-
tial contact angle well above 100°, indicating a significant
surface hydrophobicity. The bleached kraft pulp sheets
were not hydrophobic, with a low initial contact angle of
75°.

This large effect of nip temperature on surface hy-
drophobicity is a significant result (Figures 12 and 13). The
higher the press temperature, the higher the contact an-
gle. The TMP showed a slower contact angle setting than
CTMP even at the lowest press temperature.

Figure 12: Contact angle for CTMP based sheets pressed at nip tem-
peratures of 20 °C, 100 °C, 150 °C, and 200 °C.

Figure 13: Contact angle for TMP based sheets pressed at nip tem-
peratures of 20 °C, 100 °C, 150 °C, and 180 °C.

Discussion

Rheology studies using SEM and light microscopy on
cross sections of paper sheets with fluorescence and
KMnO4-staining methods are not new, but here they pro-
vide information onhow the fibres andfibre structurewere
affected by the hot-pressing technique used in the exper-
iments. SEM analysis of the CTMP sheet surface showed
how the hot-pressing made the fibre structure denser and
smoother. Moreover, light microscopy pictures of the pa-
per sheet cross sections indicated that there was a vis-
coelastic flow of lignin in the fibre structure during hot-
pressing, in line with earlier research (Byrd 1979). The
lignin distribution, indicated by bright yellowish areas,
was enriched around the fibres. This is in accordance
with that Scott et. al have shown about how the lignin
is enriched on the outer surface of the primary fibre wall
(Scott et al. 1969). When fibres collapse, the lignin seems
to remain on the fibre surfaces and the contact area be-
tween lignin coated fibres increases. The structure of the
lignin free and very flexible bleached kraft pulp paper



202 | T. Joelsson et al.: High strength paper from high yield pulps by means of hot-pressing

structure was already highly collapsed at room tempera-
ture, and did not change significantly during hot-pressing.
It is also obvious from the images that the low free-
ness TMP contained more fine material (e. g. fibrils, fines)
than the CTMP. The much larger proportion of fines con-
tributed to the denser structure of this TMP compared to
the CTMP.

The dry strength properties for all HYPs in this study
increased with increasing nip temperature, which to a
large extent can be explained by the densification that
occurs as the fibre structure becomes more collapsible.
Norgren et al. (2018) showed that it is possible to in-
crease the tensile index of CTMP andHT-CTMP from about
30 kNm/kg to 70 kNm/kg, and this was also the case in
the present study. NSSC pulp is much more densified and
has much higher strength values at low nip temperatures.
NSSC is a semi chemical pulp made from hardwoods (in
this case birch and aspen), in which both the lignin con-
tent and the softening temperature are lower in compar-
ison to softwood lignin. Early studies (Gupta et al. 1962)
showed that lower Tg results in better fibre adhesion.
It has also been shown that the syringyl units in hard-
wood lignin form bonds through condensation reactions
more easily than the guaiacyl units in softwood lignin
(Shimada et al. 1997). This, in combination with higher
density and the fact that the NSSC in this study was re-
fined to 25°SR, could explain the high strength values
even at low pressing temperature in comparison to the
CTMP.

High enough moisture content of the sheets is a pre-
requisite to soften the lignin and hemicellulose in the fibre
walls and between the fibres. A moisture content of 50%
was chosen based on previous experiences from studies
at FSCN, Mid Sweden University (Norgren et al. 2018, Pet-
tersson et al. 2017). The dependence of strength develop-
ment onmoisture content in hot-pressing of lignin-rich pa-
per sheets was shown by Back et al. in 1979. They tested
paper sheets made from a kraft pulp with 60% yield,
and reached the highest tensile strength index at a d. c.
of about 50% at a given density during hot-pressing at
250 °C. It was also concluded that lower initial solid con-
tent results in higher paper strength at the same den-
sity. However, high initial solid content also meant that
a higher nip temperature was needed to reach high paper
strength (Back and Anderson 1979).

The highest wet tensile strength level was developed
at a nip temperature of 200 °C, which is well above the
softening temperature of lignin. This was the case for pa-
per sheets based on very different kinds of lignin-rich
pulps without using wet strength agents. Paper sheets
from CTMP and HT-CTMP hot-pressed at 200 °C had an

extremely large increase in wet tensile strength, compa-
rable to commercial wet strengthened papers where wet
strength chemicals are used. CTMP contains lignin with
a relatively low sulphonation degree (about 20% of the
sulphonable sites); however, this is enough to soften the
wood chips so that pulps with well separated fibres can
be produced at low energy demand. Moreover, as the
fibre-fibre separation is mainly performed in the mid-
lamellae, these fibres are mainly covered by mid-lamellae
lignin.

One possible explanation for the extremely high wet
tensile index could be that high temperature combined
with increased contact area between the lignin covered
surfaces could create cross-linking between these lignin
surfaces due to condensation reactions. Another possible
explanation could be that the lignin surfaces are softened
enough (melted lignin) that interdiffusion occurswhen the
material is hot and plasticized (wet enough), where after
the surfaces interlock during drying and cooling. The lat-
ter suggestion is partly based on a review on the nature of
joint strength in paper (Lindström et al. 2005).

Sulphonation increases hydrophilicity, but the re-
duced softening temperature in combination with hot-
pressing seemed to further improve the development of
wet strength. TMP and NSSC with high initial density
started to develop increased wet strength at much lower
temperatures, but did not reach levels as high as CTMP
in the tested temperature interval. The TMP based paper
sheets could not be hot-pressed above 180 °C due to de-
lamination problems related to the fact that this pulp was
refined to a CSF of 55ml, which results in a very smooth
and sealed surface. This TMP also showed the highest con-
tact angle, probably due to the high surface density to-
gether with high lignin content. The NSSC was based on
hardwood, and so contained less lignin than the softwood
based HYP; moreover, this lignin had a lower Tg due both
to its high content of syringyl lignin units (Olsson 1997)
and to the higher sulphonation degree. This may be a rea-
son why the wet strength increased but not to the same
level as for the spruce based CTMP and HT-CTMP. Another
reason might be that condensation reactions probably oc-
cur to a larger degree in softwood lignin than in hard-
wood lignin (Shimada et al. 1997). Thebleachedkraft pulp,
which was nearly lignin free, showed no significant wet
strength increase with increasing pressing temperature.

The stability of the wet strength index was studied by
comparing strength after 1 minute, 1 hour, and 24 hours
soaking in water. Only a minor decrease in wet strength
was observed. This indicates that either new covalent
bonds are created, or that there is an interlocking phe-
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nomenon which protects the hydrogen bonds in a fairly
permanent and stable way.

The contact angle was far higher for paper sheets
based on HYP compared to bleached kraft when hot-
pressed, despite similar high density. This illustrates that
lignin plays an important role, and that high density is not
enough to provide a hydrophobic surface. The bleached
kraft pulp lacked the properties needed for bonding or
interlocking that can resist water, probably because the
lignin had been removed.

TMP produced the highest contact angle, perhaps due
to a denser sheet structure and non-sulphonated lignin on
the surface. The surface hydrophobicity of NSSC, CTMP,
and HT-CTMP papers was somewhat lower, and seemed
to be quite similar between these three pulps. The contact
angle measurements also showed that surfaces pressed at
low temperature had more open structures, as the con-
tact angle decreased fast i. e. the water droplet was sucked
down into the paper sample. As the pressing temperature
increased, the contact angle increased due to the ability of
the lignin to provide hydrophobicity and according to the
compressibility under these conditions.

Hot-pressed materials based on pulp fibres are still
biodegradable, since no wet strength agents are utilized.
Future studies will deal with aspects of biodegradability,
since it is known to us that hot-pressing involves crosslink-
ing and chemical bindings. Wet-strong commercial paper
products mainly use fossil based chemical systems, usu-
ally combinations of sizing and wet strength agents. The
dosages have to be chosen in order to balance the wet
strength properties with the runnability aswell as with en-
vironmental aspects related to product safety, emissions,
and health issues. It is therefore desirable to find eco-
friendly alternatives to these environmentally question-
able wet strength chemical systems, and simultaneously
improve both the end product properties and the runnabil-
ity.

Conclusions

Our results confirm the potential of using high yield pulps
to develop high density paper with high tensile and SCT
index as well as very good wet strength by means of a hot-
pressing strategy.

It is possible to develop very gooddry andwet strength
provided that lignin rich pulps are used. These strong pa-
per sheets can be produced without adding wet strength
chemicals when using the hot-pressing technique.

Hot-pressing also improves the hydrophobicity of pa-
per surfaces, provided that a lignin-rich pulp is used.

Fibre structure can be visualized by light microscopy
studies of paper sheet cross sections, resulting in a deeper
understanding of how fibres collapse in the hot-pressing
nip of the cylinder press at increasing temperature.

HYP could potentially compete with standard chem-
ical kraft pulp in strength when hot-pressed at 200 °C or
higher; that is, well above the softening temperature of
lignin. The pulps used in these trials varied in terms of
their lignin, hemicellulose, and extractive contents aswell
as their fines and shives contents.

Our general conclusion is that HYPs such as TMP,
CTMP, HT-CTMP and NSSC gain enhanced dry and wet
strength properties during hot-pressing, while lignin free
kraft pulp does not.
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