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Abstract The potential of neutral sulphite pulps

from softwood with different yields (c. 58–84%) and

high residual lignin contents (c. 10–25 wt%) was

investigated as a raw material for lignin-containing

cellulose nanofibrils (LCNFs) by following their

fibrillation during grinding. It was found that the

lower yield (58–65%) pulps needed two grinding

cycles to produce fibrillated fibers with water retention

values (WRV) as high as 400 g/g (at the energy

consumption level of 1400 kWh/t). In contrast, the

high yield (77–84%) pulps fibrillated more slowly,

requiring five grinding cycles to reach comparable

WRV values. Apparently, higher crosslinking degrees

of lignin in the high yield pulps are hampering the

fibrillation, although the high hemicellulose contents

(21–24 wt%) and the high charge densities (200–350

lmol/g, originating from carboxylic and sulphonic

acid groups) of the pulps were expected to enhance the

fibrillation. Nevertheless, regardless of the different

fibrillation behaviour, most of the pulps formed c.

10–15% of nanosized material below 30 nm and

significant amounts of fibrils with size under 100 nm

based on the centrifugation method and FE-SEM

images. As the pulps were of moderate to high yield

and fibrillated easily without any chemical or enzy-

matic pretreatments, they show promise for cost-

efficient production of LCNFs. The nanopapers pre-

pared from the fibrillated pulps showed tensile

strengths (73–125 MPa) comparable with the nanopa-

pers from high yield mechanical pulps, whereas the

water contact angles (41�–58�) were closer the those

of chemical pulps.

Keywords Galactoglucomannan � Lignin-

containing cellulose nanofibrils (LCNFs) �
Nanopaper � Softwood � Neutral sulphite pulp �
Sulphonic acid group

Introduction

Cellulose nanofibrils (CNFs) have been one of the key

research areas of cellulose chemistry for more than a

decade, having notable potential in for example

packaging, food and cosmetics applications. Despite
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the increasing production of CNFs at industrial scale,

the high energy need for fibrillation remains one of the

main challenges (Nechyporchuk et al. 2016). The

energy consumption can be reduced significantly by

chemical means, e.g. TEMPO (2,2,6,6-tetram-

ethylpiperidine-1-oxyl radical)-mediated oxidation

(Saito et al. 2006, 2007) and carboxymethylation

(Wågberg et al. 2008), or by mild enzymatic hydrol-

ysis of cellulose (Henriksson et al. 2007; Pääkkö et al.

2007). However, these techniques remain rather

expensive for bulk industrial use due to the high cost

of the required chemicals and enzymes (Solala et al.

2020). Presently, CNFs are most commonly produced

from fully bleached chemical pulps. With the strong

need of lowering the chemical and energy consump-

tions of CNF production, there has been a growing

interest in employing alternative raw materials with

higher yields, such as unbleached or partially bleached

pulps and even wood sawdust (Spence et al. 2010a;

Ferrer et al. 2012; Solala et al. 2012; Hoeger et al.

2014; Lahtinen et al. 2014; Rojo et al. 2015; Visanko

et al. 2017; Yousefi et al. 2018; Ämmälä et al. 2019).

In addition to the efficient utilization of the wood

raw material by maintaining the higher pulp yield,

some of the unbleached or partially bleached pulps

have been noted to fibrillate more readily than fully

bleached pulps (Spence et al. 2010a, b; Ferrer et al.

2012; Lahtinen et al. 2014). It has become well-known

that higher lignin and hemicellulose contents of the

unbleached pulps enhance fibrillation, compared to the

fully bleached pulps (Iwamoto et al. 2008; Ferrer et al.

2012; Solala et al. 2012; Tenhunen et al. 2014).

However, the role of lignin content is not entirely

straightforward as the impacts of lignin may also

depend on its structure (Solala et al. 2020). On the one

hand, lignin has frequently been suggested to promote

fibrillation through a radical scavenging mechanism,

decreasing the probability of reformation of the

covalent bonds that get ruptured during the intense

mechanical grinding (Dizhbite et al. 2004; Solala et al.

2012; Rojo et al. 2015). On the other hand, lignin can

also hinder fibrillation, e.g. in the case of mechanical

pulps (Spence et al. 2010a; Ferrer et al. 2012; Hoeger

et al. 2013; Lahtinen et al. 2014), probably owing to

the cross-linked structure and relatively high

hydrophobicity of native lignin compared to carbohy-

drates (Figueiredo et al. 2018; Solala et al. 2020). In

contrast to lignin, the effects of hemicelluloses seem to

be better understood, since their water retention

capacity and ability to prevent fibril coalescence upon

drying of cellulosic materials are well-known (Iwa-

moto et al. 2008; Pönni et al. 2012; Chaker et al. 2013).

These properties of hemicelluloses originate from

electrostatic repulsion from carboxylic acid groups

and steric repulsion caused by the side chains (Chaker

et al. 2013; Tenhunen et al. 2014).

Sulphonation of lignin is a well-known method

used to enhance fibre separation in chemi-mechanical

and semi-chemical pulp production, but its ability to

facilitate fibrillation of wood fibres has only recently

been studied (Brodin and Eriksen 2015; Ämmälä et al.

2019). Sulphonation reduces lignin softening temper-

ature, which increases the flexibility and deformability

of the fibres (Östberg and Salmen 1988; Ölander et al.

1989). In addition to chemical modification, lignin can

be softened thermally to enhance fibrillation, as shown

by Visanko et al. (2017). Also, together with car-

boxylic acid groups, sulphonic acid groups create

repulsive forces to loosen the fibril cohesion and

increase the swelling of the cell wall, thus facilitating

fibrillation.

Generally, CNFs dispersed in an aqueous medium

form a highly viscous suspension at very low concen-

trations (c.\2%) (Solala et al. 2020) having tendency

to aggregate at higher concentrations. This may cause

challenges in processing, storing and transportation of

CNFs. In general, efficient water removal is important

e.g. for the production of packaging materials, com-

posites, films and barriers, whereas high water reten-

tion may be beneficial in applications such as rheology

modifiers, hydrogels, and absorbent materials (Nechy-

porchuk et al. 2016; Solala et al. 2020). Fibrillation

increases the accessibility of hydroxyl and anionic

groups to water resulting in high swelling and water

retention capacity, which also affects the dewatering

of the CNF suspension (Fält et al. 2003; Dimic-Misic

et al. 2013; Rantanen et al. 2015). In contrast to

carbohydrates, lignin is typically more hydrophobic

and may decrease the water absorption capacity of

lignin-containing CNFs (LCNFs). However, the

hygroscopicity of LCNFs can be controlled not only

by the amount of lignin and carbohydrates, especially

hemicelluloses, but also by introducing hydrophilic

groups into the lignin structure, which depend on the

pulping method selected (Solala et al. 2020). The

presence of sulphonated lignin in LCNFs would be

expected to increase the hydrophilicity, as reported by

Ämmälä et al. (2019) for fibrillated wood sawdust.
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However, LCNFs produced from the chemical SO2-

ethanol-water pulps (Rojo et al. 2015) have been

reported to be easy to dewater, despite significant

lignin sulphonation. This suggests that the role of

hemicelluloses and the overall chemical composition

of the LCNFs are significant for the dewatering

behaviour.

In this study, a new potential family of raw

materials, semi-chemical pulps produced by neutral

sulphite (NS) pulping, is introduced for LCNF

production. These types of pulps possess the main

aforementioned key elements expected to enhance

fibrillation: high residual lignin and hemicellulose

contents and a relatively high charge density (Han-

hikoski et al. 2016, 2019). Furthermore, due to the

high pulp yield and by excluding bleaching and other

chemical treatments before fibrillation, these pulps

may be considered as cost-efficient raw materials

compared to the fully bleached chemical pulps with

lower yields. In this study, six NS pulps from softwood

with different yields and lignin contents were used to

follow their fibrillation during grinding as a function

of the specific energy consumption. In addition,

nanopapers were prepared from the fibrillated pulps

and their mechanical and water interaction properties

were analysed.

Materials and methods

Materials

Six different NS pulps selected for this study were

produced from Scots pine (Pinus sylvestris L.) chips as

described by Hanhikoski et al. (2019). Changing the

reaction time (from 5 to 240 min at 180 �C) and the

addition of anthraquinone (AQ) as a catalyst (0 vs.

0.1% on o.d. wood), pulps with different yields and

chemical compositions were produced (Table 1).

Otherwise, the pulping conditions were uniform. The

pulps included two neutral sulphite (NS) and four

neutral sulphite anthraquinone (NSAQ) pulps, the

following codes referring to the total pulp yield

(Table 1). All chemicals used for the experiments

and analyses were of analytical grade.

Characteristics of pulps

The total pulp yield was measured gravimetrically.

The carbohydrate compositions, and the contents of

lignin and extractives were determined for the initial

wood material and the pulps as described by Han-

hikoski et al. (2016). The carbohydrates and lignin

contents were analysed in triplicates with standard

deviations below 2%. The carbohydrate results

(Table 1) were converted into polysaccharide forms

according to Janson (1970). The total amount of acidic

groups was determined from the pulps by conducto-

metric titration according to the SCAN-CM 65:02

standard method. The contents of sulphonic acid

groups were estimated separately from the titration

results. The samples were analysed in duplicates.

Production of LCNFs

Never-dried pulps were washed into sodium form to

assure comparable pH, ionic strength and counter ion

type in all samples (Swerin et al. 1990; Lahtinen et al.

2014) prior to fibrillation by a MKZA10-15J Super-

masscolloider friction grinder (Masuko Sangyo Co,

Kawaguchi City, Japan) in accordance with Lahtinen

et al. (2014). Briefly, the pulps were diluted into 2%

consistency, soaked for 10–15 min, and dispersed at

2000 rpm for 10 min before grinding. The pulps were

cycled altogether five times through the grinder, and

the samples were taken after the second, third and fifth

cycles at the constant energy consumption levels

(approximately 1, 3 and 13 kWh/kg) for further

analysis. For the first two cycles, the grinding stone

was a standard stone type MKE10-46 made of silicon

carbide. In the following cycles, the fine stone type

MKGA10-80 made of aluminium oxide and resins was

used. The used rotation speed was 1500 rpm (except

1700 rpm for the final cycle of the pulp NSAQ-58).

The energy consumption of fibrillation was monitored

with a frequency converter connected to the grinder.

Characterization of LCNFs

The extent of fibrillation of the NS(AQ) pulps was

followed by analysing samples after the second, third,

and fifth grinding cycles. Water retention values

(WRV) were measured by a modified procedure of

ÅAGWR method (Sandas et al. 1989), described in
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detail by Lahtinen et al. (2014). Briefly, the modified

WRV measurements differ from the traditional

SCAN-C 62:00 method in that they utilize 30 s

pressure filtration at 0.5 bar instead of 15 min

centrifugation at 3000 g. At least three parallel

measurements were executed for each ground sample

and the original pulp samples. The apparent viscosities

were measured as an indirect method to evaluate the

extent of fibrillation. The measurements were done

with a Brookfield rheometer RVDV-III as described

by Lahtinen et al. (2014). Before analysis, the samples

were diluted to 1.5% consistency, mixed with Ultra-

Turrax disperser (IKA) for 2 min, and were let to stand

for 30 min. Each sample was measured in duplicate.

The yield of nanosized material was determined

gravimetrically according to Ahola et al. (2008) after

the second and fifth grinding cycles. The fibril

suspension was diluted to 1.7 g/L, dispersed for 10

min, and finally ultracentrifuged at 10,000 g for 2 h.

The amount of nanosized material was calculated as

the solid content of the supernatant in relation to the

solid content of the whole sample. The samples were

analysed in duplicate (except the NSAQ-84 pulp after

second cycle). The numerical values and standard

deviations for the results of WRV, apparent viscosity

and yield of nanosized material are presented in the

supplementary material (Table S1). To study the

morphology of LCNFs and to obtain an overall view of

the fibril dimensions, field emission scanning electron

microscope (FE-SEM) images were taken from the

final fibrillated samples. For the FE-SEM imaging the

samples were coated with platinum, and a Zeiss

Merlin FE-SEM device (ZEISS, German) was used at

an accelerating voltage of 1.0 kV. To complement the

results and to visualize the changes in fibres, the

number of residual fibres measured by Kajaani

Fiberlab analyser (Metso Automation, Finland) and

optical microscopy images were also obtained. The

results are presented in the supplementary material

(Table S1, Figs. S1 and S2). For the Fiberlab

measurements, the samples were diluted with water

to 40 mg/L consistency with an impeller for 10 min.

The dispersed samples of 50 mL (* 2 mg in dry

weight) were fed into the analyser, and two parallel

measurements were carried out for each sample. The

optical microscopy (Olympus BX 61 microscope

equipped with a ColorView 12 camera) images were

taken from the samples after the second and the fifth

cycle in the grinder. The samples were first dyed with

1% Congo red solution and further diluted with water

for the microscope plate.

Preparation and characterization of LCNF

nanopapers

The LCNF nanopapers were prepared from the final

fibrillated samples by slightly modifying the method

of Österberg et al. (2013). A 300-mL volume of 0.2%

Table 1 The applied NS(AQ) pulping conditions and the resulting total pulp yields, chemical compositions and anionic charges

Sample Scots pine NSAQ-84 NSAQ-77 NSAQ-64 NSAQ-58 NS-78 NS-65

Temperature (�C) 180 180 180 180 180 180

Time at 180 �C (min) 5 30 120 240 60 240

AQ (%a) 0.1 0.1 0.1 0.1 – –

Total pulp yield (%a) 84.0 77.5 64.4 57.7 78.3 65.0

Chemical composition (wt%)

Cellulose 40.6 47.5 50.9 60.4 66.9 49.3 59.0

Galactoglucomannan 15.2 14.8 15.0 16.7 15.0 13.7 13.8

Arabinoxylan 8.3 9.5 9.2 8.6 7.8 8.6 7.6

Total lignin 27.5 23.4 20.1 14.0 9.9 24.0 19.3

Extractives 3.2 0.4 0.6 0.3 0.3 0.5 0.3

Othersb 5.1 4.4 4.1 – – 3.8 –

Total anionic groups (lmol/g) 327 ± 2 263 ± 10 220 ± 7 205 ± 9 347 ± 4 320 ± 4

Sulphonic acid groups (lmol/g) 210 ± 3 181 ± 12 140 ± 6 120 ± 11 236 ± 3 214 ± 8

aOn o.d. wood
bE.g. inorganics and other carbohydrates to complete the balance
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LCNF suspension was pressure filtrated over a Sefar

Nitex polyamine monofilament open mesh fabric with

a 10 lm pore size at 2.5 bar pressure. After * 2 h

filtration, the wet films were rolled ten times between

two membrane filters and two blotting papers with a

smooth metal rolling pin for further consolidating the

structure. Finally, the nanopapers were dried between

clean blotting papers under load (1.8 kPa) and heat (80

�C) for 2 h. This yielded 137 cm2 nanopapers with

basis weights of 56 ± 5 g/m2 and apparent densities of

920 ± 20 kg/m3.

Mechanical properties of the nanopapers were

determined using a modified SCAN-P 38:80 standard

method. The measurements were carried out using a

Lloyd LS5 (Lloyd Instruments Ltd., Bognor Regis,

UK) tensile testing apparatus equipped with a 1 kN

load cell using testing speed of 10 mm/min. The width

of the tested nanopaper samples was 15 mm and the

grip distance was 40 mm. The nanopapers were

conditioned at 23 �C and 50% RH at least 24 h before

the testing. The average and standard deviation of five

measurements (except four measurement in the case of

NSAQ-84 and NSAQ-58) are reported. In addition, the

water contact angles of the nanopapers were measured

using Theta Optical Tensiometer (Biolin Scientific,

Sweden). Three measurements per sample were car-

ried out at 23 �C and 50% RH.

Results and discussion

Characteristics of pulps

The yields of the NS(AQ) pulps (57.7–84.0%)

(Table 1) represent intermediates between typical

chemical (45–55%) and high yield mechanical

([ 90%) pulps. Consequently, the total lignin contents

of the pulps were still rather high, in the range of

9.9–24.0 wt%. Additionally, the heptane-soluble

extractives contents were 0.3–0.6 wt%, decreasing

slightly as the pulp yield decreased. In most studies,

LCNFs have previously been produced either from

unbleached chemical pulps (e.g. kraft pulp) with lignin

contents up to 14 wt% (Spence et al. 2010a, b; Ferrer

et al. 2012; Lahtinen et al. 2014) or from mechanical

pulps (e.g. CTMP and TMP) with lignin contents over

20 wt% (Lahtinen et al. 2014; Visanko et al. 2017;

Herrera et al. 2018). However, the comparison of

fibrillation of different pulps based solely on their

lignin content should be done with caution since the

raw material sources and the selected pulping methods

may not only affect the content of lignin but also its

chemical structure. For example, in the NS(AQ) pulps

(Hanhikoski et al. 2016) and SEW (SO2-ethanol-

water) pulps (Rojo et al. 2015), sulphonic acid groups

formed during pulping remain partially in the residual

lignin, thus increasing its hydrophilicity and swelling

ability (Ämmälä et al. 2019).

Another notable characteristic of the NS(AQ)

pulps is their high galactoglucomannan (13.7–16.7

wt%) and arabinoxylan (7.6–9.5 wt%) contents

(Table 1), compared to the unbleached and bleached

kraft pulps typically used for the CNF production. Of

the hemicelluloses, especially galactoglucomannan

(GGM) is known to considerably enhance fibrillation

(Iwamoto et al. 2008; Morais de Carvalho et al. 2019).

It is evident that over 55% and 70% of the original

GGM in wood remained in the intermediate (58–65%)

and the high yield (77–84%) NS(AQ) pulps, respec-

tively (Hanhikoski et al. 2019). Their high yield is

caused by deacetylation of GGM followed by its

stabilization under the applied neutral sulphite pulping

conditions (Annergren and Rydholm 1959, 1960). For

comparison, over 70% of GGM is degraded or

dissolved in the alkaline kraft pulping process

(Sjöström 1977; Paananen et al. 2013).

The electrical charge densities of the NS(AQ)

pulps (Table 1) were comparable to those of car-

boxymethylated bleached pulps, ranging from 200 to

350 lmol/g (Horvath et al. 2006; Fall et al. 2011;

Junka et al. 2013). Out of these 120–240 lmol/g were

strong sulphonic acid groups—the rest were car-

boxylic acid groups bound mainly in hemicelluloses

(Sjöström 1989). The total anionic groups and the

sulphonic acid groups both showed a linear correlation

with residual lignin, displaying R2 values of 0.85 for

the total anionic groups and 0.89 for the sulphonic acid

groups (Fig. 1). To compare, the charge densities of

unbleached kraft pulps are typically in the range of

70–200 lmol/g (Lindgren et al. 1994; Fardim et al.

2002; Bhardwaj et al. 2004), and those of CTMP about

120–190 lmol/g (Zhang et al. 1994; Fardim et al.

2002; Lahtinen et al. 2014). Since the fibrillation has

not been found to have any noticeable effect on the

total charge of cellulosic fibres (Bhardwaj et al. 2004;

Junka et al. 2013), it was assumed that the charges

present in the NS(AQ) pulps are mostly preserved in

the resulting LCNFs.
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Mechanical refining has often been carried out

(Spence et al. 2010a; Ferrer et al. 2012; Rojo et al.

2015) as a pretreatment before the final fibrillation of

the fibres. However, the NS(AQ) pulps were now only

gently disintegrated with two cycles in a disk refiner to

separate the fibres from the chip matrix (Hanhikoski

et al. 2019). Therefore, the pulps for fibrillation were

coarse and heterogeneous, especially in the case of the

highest yield pulps. According to Spence et al. (2011),

producing CNFs by grinding does not require refining

as a pretreatment, contrary to microfluidization. Thus,

in this study, regardless of the heterogeneity, relatively

high yields and lignin contents of the NS(AQ) pulps,

the high hemicellulose contents and charge densities

were expected to assure effective fibrillation of these

pulps in a grinder.

Extent of fibrillation

The fibrillation of the pulps was followed by analysing

water retention value (WRV), apparent viscosity, and

the content of residual fibres (supplementary material)

after the second, third and fifth grinding cycles. Based

on the results, the studied lower and higher yield

NS(AQ) pulps had different fibrillation behaviours.

The lower yield pulps (NSAQ-64, NSAQ-58 and NS-

65) showed high fibrillation ability in the early stage of

grinding, whereas the higher yield pulps (NSAQ-84,

NSAQ-77, and NS-78) needed more grinding cycles to

get fibrillated. After five cycles of grinding, all of the

pulps were fibrillated into gel-like suspensions.

Fibrillation of the fibre structure increased the

WRV, as could be expected with the enhanced

accessibility of hydroxyl, sulphonic and carboxylic

acid groups to surrounding water. The lower yield

pulps (NSAQ-64, NSAQ-58 and NS-65) displayed

very high WRVs, almost 400 g/g, even at the lowest

specific energy consumption levels (Fig. 2). This

indicated that extensive fibrillation and swelling

readily took place during the first two grinding cycles.

For comparison, to reach the WRV level of 400 g/g,

the lower yield NS(AQ) pulps needed around 1 kWh/

kg less energy compared to unbleached softwood kraft

pulp with lignin content 2.6 wt% (1.4 and 2.5 kWh/kg,

respectively) (Lahtinen et al. 2014). In contrast, for the

higher yield pulps (NSAQ-84, NSAQ-77, and NS-78)

it took about 12 kWh/kg to reach comparable WRV

values, which would indicate less effective fibrillation

of these pulps. It is interesting to note that the pulps

NSAQ-77 and NS-65 with comparable lignin contents

(20.1 and 19.3 wt% respectively) showed very differ-

ent fibrillation behaviour. This may be explained by

the higher anionic charge of the NS-65 pulp, although

no clear correlation between the anionic charges and

WRVs could be found.

Rheological properties of the pulps, measured as

apparent viscosity, are another way to study the degree

of fibrillation. The apparent viscosity increased as a

function of energy consumption being higher for the

lower yield pulps (NSAQ-64, NSAQ-58 and NS-65)

Fig. 1 Total anionic and sulphonic acid group contents (lmol/

g) as a function of residual lignin content (wt%) for the NS(AQ)

pulps

Fig. 2 The water retention values (g/g) of the NS(AQ) pulps as

a function of specific energy consumption (kWh/kg)
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compared to the higher yield pulps (NSAQ-84,

NSAQ-77, and NS-78) (Fig. 3), well in line with the

WRV results. It is noticeable that the apparent

viscosity of NSAQ-84, NSAQ-77, and NS-78 pulps

starts to increase only after the third grinding cycle,

which may indicate that the major part of the

fibrillation proceeds only later towards the end of

grinding for these pulps. The apparent viscosities of

the lower yield pulps (NSAQ-64, NSAQ-58 and NS-

65) were comparable with unbleached kraft pulp but

clearly higher than the values reported for bleached

kraft pulp (Lahtinen et al. 2014). The high apparent

viscosities may indicate challenges in handling of the

material in industrial processes, e.g. in mixing and

pumping.

In order to estimate the fibril dimensions and the

overall extent of fibrillation, the yields of nanosized

material were determined after the second and fifth

grinding cycles (Fig. 4) and FE-SEM images were

studied after the final stage of grinding (Fig. 5). The

nanosized materials separated by ultracentrifugation

contain fibrils and fibril bundles with width up to ca.

20–30 nm (Pääkkö et al. 2007; Wågberg et al. 2008;

Besbes et al. 2011). After the second grinding cycle,

more nanosized material was formed from the pulps

with the lowest lignin contents (NSAQ-64 and NSAQ-

58) compared to the other pulps. Surprisingly, the

yield of nanosized material formed in the pulp NS-65

was lower than could be expected based on other

analyses, such as the WRV (Fig. 2) and the apparent

viscosity (Fig. 3). This may be explained by the

inaccuracy of the relatively sensitive analysing

method or by the formation of significant amount of

nanosized material larger than 20–30 nm resulting in

the comparable fibrillation performance with the

NSAQ-64 and NSAQ-58 pulps. After the fifth grind-

ing cycle, the differences in the results between all of

the pulps seemed to even out, although the nanosized

material in the highest yield pulp NSAQ-84 remained

somewhat low. Altogether, at the energy consumption

level of around 14 kWh/kg, the NS(AQ) pulps gave

nanosized material at a yield of ca. 10–15%, which is

more comparable with unbleached lignin-containing

chemical pulps than mechanical pulps (Lahtinen et al.

2014).

Representative FE-SEM micrographs of the

NSAQ-84 and NSAQ-58 LCNFs are shown in

Fig. 5. In general, the LCNFs with the highest residual

lignin contents (NSAQ-84, NSAQ-77, and NS-78)

contained more fibre-like, partially fibrillated struc-

tures and fibril bundles. Based on the fibrillation

results, it seems that the fibrillation behaviour of the

NS(AQ) pulps was altered at the residual lignin

content of around 19 wt%, below which the pulps

fibrillated more readily into LCNFs. Some residual

fibre material was present also in the lowest lignin

content samples (NSAQ-64, NSAQ-58 and NS-65),

albeit to a lesser extent. This finding was supported by

the Kajaani Fiberlab analyses and optical microscopy

images presented in the electronic supplementary

material (Table S1, Fig. S1 and S2) that showed a

lower residual fibre content for the samples with a

Fig. 3 The development of the apparent viscosities of the

NS(AQ) pulps as a function of the specific energy consumption

(kWh/kg)

Fig. 4 The yields of nanosized material (%) of the NS(AQ)

pulps after the second and fifth grinding cycles
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lower lignin content. Yet, it is apparent from the FE-

SEM images that even the high-lignin pulps contained

a significant portion of fibrils that had widths in the

nano-range (\ 100 nm), indicating that the NS(AQ)

pulps of different chemical compositions can be

fibrillated to LCNFs.

LCNF nanopaper properties

The LCNF nanopapers were prepared from the

fibrillated pulps after the fifth grinding cycle and

tested for mechanical properties (Table 2; Fig. 6) and

water contact angle (WCA) (Table 2; Fig. 7). An

increase in lignin content up to 14% has previously

been reported to improve the strength properties of

LCNF nanopapers or films compared to fully bleached

pulps (Spence et al. 2010a; Ferrer et al. 2012). This has

Fig. 5 FE-SEM images of

the highest-yield NSAQ-84

pulp (a and b) and the lowest

yield NSAQ-58 pulp (c and

d) after the fifth cycle in the

Masuko grinder

Table 2 The mechanical properties and the water contact angles of the nanopapers prepared from the LCNF samples after the fifth

grinding cycle

Sample NSAQ-84 NSAQ-77 NSAQ-64 NSAQ-58 NS-78 NS-65

Thickness (lm) 62 ± 3 63 ± 2 63 ± 1 58 ± 4 50 ± 5 63 ± 2

Tensile strength (MPa) 94 ± 13 71 ± 14 102 ± 10 109 ± 22 125 ± 11 73 ± 13

Young’s modulus (GPa) 4 ± 1 3 ± 1 5 ± 1 5 ± 2 4 ± 1 4 ± 1

Strain at break (%) 4 ± 2 3 ± 1 4 ± 1 5 ± 2 5 ± 2 3 ± 1

Water contact angle (�) 58 ± 1 56 ± 5 41 ± 0 45 ± 1 52 ± 2 53 ± 5

Fig. 6 The average stress-strain curves of the NS(AQ) LCNF

nanopapers

123

7210 Cellulose (2020) 27:7203–7214



been explained by the role of hemicelluloses in

enhancing fibril-fibril bonding and the smaller fibril

diameter and larger surface area of the LCNFs, which

compacts the structure during nanopaper preparation

(Spence et al. 2010a; Ferrer et al. 2012; Rojo et al.

2015). However, no clear correlation was now found

between lignin content and strength properties of the

nanopapers from the fibrillated NS(AQ) LCNFs. The

nanopapers from the fibrillated NS-78, NSAQ-64, and

NSAQ-58 pulps had the highest tensile strengths, over

100 MPa, although the pulps represented the highest

(24.0 wt%) and the lowest (14.0 and 9.9 wt%) lignin

contents of the tested pulps. In addition, the Young’s

modulus and strain at break were slightly higher in

these nanopapers, approximately 4–5 GPa and 4–5%,

respectively, compared to the nanopapers from other

fibrillated pulps. Otherwise, the tensile strengths of the

relatively high lignin content nanopapers (NSAQ-84,

NSAQ-77, NS-65) remained between 71 and 94 MPa,

and the average Young’s modulus and strain at break

were below 4 GPa and 3.5% respectively.

The nanopapers from NS-78, NSAQ-64, and

NSAQ-58 LCNFs showed comparable tensile

strengths but lower Young’s modulus compared to

the values reported for the nanopapers from CNFs

(Rojo et al. 2015) and cellulose microfibrils (Ämmälä

et al. 2019) containing sulphonated lignin. In the case

of NSAQ-84, NSAQ-77, NS-65, the tensile and strain

values are close to those published for the nanopapers

produced from high yield mechanical pulps (with

lignin contents closer to the value of native wood) but

again lower stiffness values were observed (Visanko

et al. 2017). The preparation conditions of lignin-

containing CNF nanopapers, especially the drying

temperature and pressure, affect their structure and

properties (Rojo et al. 2015; Visanko et al. 2017;

Herrera et al. 2018). Generally, high lignin content

prevents bonding between hydroxyl groups of cellu-

lose and thus may hinder the strength of nanopapers.

However, at elevated temperatures, lignin is plasti-

cized and its Tg is decreased, consequently densifying

the nanopaper structure and acting as an adhesive

between fibrils (Abe et al. 2009; Ferrer et al. 2012;

Rojo et al. 2015). For example, an increase in the

drying temperature from 75 to 150 �C improved the

tensile strength from 79.0 to 103.4 MPa, Young’s

modulus from 5.1 to 6.2 GPa, and strain at break from

2.7–3.5% for nanopapers prepared from spruce

groundwood NFs with lignin content of 27.4 wt%

(Visanko et al. 2017).

Two groups of LCNF nanopapers with different

paper surface wettabilities could be distinguished

based on the WCA measurements (Table 2; Fig. 7).

The WCA values from 52� to 58� demonstrated that

the high lignin content nanopapers (NSAQ-84, NS-78,

NSAQ-77, NS-65) had more hydrophobic surfaces

than those containing less lignin (NSAQ-64, NSAQ-

58), showing the WCA values from 41� to 45�
(Table 2). A similar trend of increasing WCA with

higher lignin content has been observed earlier

(Spence et al. 2010b; Rojo et al. 2015), although the

linear correlation of the present results was rather

moderate (R2 value 0.66). Interestingly, the WCA

values of NS(AQ) nanopapers were much lower

compared to the other high lignin-containing ([ 14

wt%) nanopapers, which generally have shown WCA

values of C 70� (Spence et al. 2010b; Ferrer et al.

2012; Rojo et al. 2015; Visanko et al. 2017; Herrera

et al. 2018). Overall, our WCA values were close to

those previously reported for nanopapers or films

prepared from fibrillated chemical pulps with lignin

contents below 5 wt% (Spence et al. 2010b; Ferrer

et al. 2012; Rojo et al. 2015). Thus, it can now be

presumed that the relatively high hemicellulose con-

tent as well as sulphonated residual lignin consider-

ably increased the hydrophilicity of the nanopapers.

Considering both the WCA and WRV results, the

NS(AQ) pulps may possess water retention and

interaction characteristics that may be desirable

depending on the intended end use.

Fig. 7 Water contact angles (�) of the NS(AQ) nanopapers
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Conclusions

Neutral sulphite (NS(AQ)) pulps rich in hemicellu-

loses and anionic groups were demonstrated to be

potential lignin-containing raw material for CNF

production without any chemical or enzymatic pre-

treatment, and thus they may offer a cost-effective

production route for LCNFs. The pulps with lower

yields (58–65% on o.d. wood) and moderate lignin

contents (9.9–19.3 wt%) fibrillated readily into

LCNFs with high water retention capacity at the

energy consumption level of 1400 kWh/t. In contrast,

the pulps with higher yields (77–84% on o.d. wood)

and lignin contents up to 24 wt% required more

energy, approximately 12,000 kWh/t, to reach com-

parable WRV values. The gradual breaking of the

three-dimensionally cross-linked lignin network dur-

ing pulping, accompanied by lignin sulphonation,

likely causes the observed differences in fibrillation

behaviour. After the lignin network has been disinte-

grated sufficiently, the presence of hemicelluloses and

anionic groups allow the fibres to swell extensively,

enhancing fibrillation. The lignin content, below

which a rapid increase in fibre swelling ability was

seen, occurred at the residual lignin content of around

19 wt% for the studied NS(AQ) pulps. Interestingly,

the yield of nanosized (* 20–30 nm in width)

material formed during fibrillation seemed to be

relatively independent of the fibrillation behaviour of

the pulps being approximately c. 10–15% in most of

the NS(AQ) LCNFs.

The nanopapers prepared from NS(AQ) LCNFs

showed tensile properties comparable with the LCNFs

from high yield mechanical pulps. No clear trend

between the mechanical properties of the nanopapers

and fibrillation behaviour or lignin content of these

pulps could be found. Interestingly, the WCA values

measured from the NS(AQ) LCNF nanopapers indi-

cated comparable hydrophilicity with the nanopapers

prepared from the chemical pulps with significantly

lower lignin contents (\ 5 wt%). Thus, based on the

WCA and WRV results, the NS(AQ) pulps may have

interesting characteristics for applications requiring

tuneable hydrophilicity and water interactions.
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