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Abstract In this study, cellulose microfibers and

cellulose nanofibers (CNF) prepared from recycled

boxboard pulp using a mechanical fine friction grinder

were used as reinforcements in a board sheet. Micro-

and nanofibers manufactured by mechanical grinding

have typically broad particle size distribution, and

they can contain both micro- and nano-sized fibrils.

Deep eutectic solvent of choline chloride and urea was

used as a non-hydrolytic pretreatment medium for the

CNF, and reference CNF were used without any

chemical pretreatment. The CNF were ground using

three grinding levels (grinding time) and their dosage

in the board varied from 2 to 6 wt%. The results

indicate that the board properties could be tailored to

obtain a balance between the processability and

quality of the products by adjusting the amount of

CNF that was added (2–6 wt%). A preliminary cost

assessment indicated that the most economical way to

enhance the board strength properties was to add

around 4% of CNF with a moderate grinding level

(i.e., grinding energy of 3–4 kWh/kg). Overall, the

strength properties of the manufactured board sheets

improved by several dozen percentages when CNF

was used as the reinforcement.

Keywords Boxboard � Cellulose nanofibers � Deep
eutectic solvents � Fine friction grinding �Microfibers �
Nanocellulose � Reinforcement

Introduction

The production of nano-scale cellulose fibers

(nanocelluloses) and their application as reinforce-

ments in materials have gained increasing attention

due to the high strength and stiffness of the nanocel-

luloses combined with their small size, high surface

area and aspect ratio, low weight, biodegradability,

and renewability (Siró and Plackett 2010; Hassan et al.

2011; Suopajärvi et al. 2017). Cellulose nanofibrils or

nanofibers (CNF) produced by mechanical disintegra-

tion of cellulose without any chemical treatments are

one of the simplest types of nanomaterials based on

renewable resources. CNF manufactured by mechan-

ical treatments alone are polydisperse with a broad

particle size distribution, and they can contain both

micro- and nano-sized fibrils (Kangas et al. 2014).
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CNF have both amorphous and crystalline compo-

nents, and they form of a web-like structure (Lavoine

et al. 2012).

The mechanical fibrillation process causes perma-

nent changes in the cellulose fiber structure, and it

increases the bonding ability of cellulose by modify-

ing the morphology and reducing the size of the fibers

(Kamel 2007; da Costa Correia et al. 2016). Thus,

some previous studies have shown that CNF can

notably improve the mechanical properties of paper or

board. It has been found that tensile strength and

elastic modulus can be improved significantly (Erik-

sen et al. 2008; Hii et al. 2012; Sehaqui et al. 2013;

González et al. 2013; Missoum et al. 2013; Djafari

Petroudy et al. 2014; Hietala et al. 2016). High tensile

strength and tensile stiffness contribute to the stacking

strength of corrugated paperboard by reducing the risk

of box wall bulging; thus, they are desired properties

of board applications.

The global increase in packaging board and fiber

products consumption has yielded a large amount of

potential secondary cellulose raw materials that con-

tribute to 25–40% of municipal solid waste (Nour-

bakhsh and Ashori 2010). Recycling these fiber

sources and their use as raw materials for new

sustainable products can preserve forest resources

and minimize other environmental impacts. More-

over, fibers from recycled paper and packaging are

relatively affordable and widely available. Therefore,

they offer an appealing source for the production of

packagingmaterials and novel greenmaterials, such as

CNF. The use of bio-based and recycled fiber sources

to create sustainable packaging materials to replace

plastics derived from fossil oil resources promotes the

emerging trend of mitigating the carbon footprint of

materials.

The successful liberation of nanofibrils require

typically rigorous mechanical treatments due to the

strong hydrogen-bonded structure of cellulosic mate-

rials. Thus, numerous different chemical pretreat-

ments have been used to loosen the rigid structure of

cellulose. Deep eutectic solvents (DESs) belong to the

most promising group of novel green chemicals to

enable efficient CNF production (Selkälä et al. 2016;

Li et al. 2017, 2018; Sirviö 2018; Ojala et al. 2018).

DESs can be derived from biodegradable and readily

available green compounds that have a low toxicity

(Sirviö et al. 2015). DESs are typically synthesized by

complexation of the hydrogen bond acceptor (HBA),

such as a halide salt of quaternary ammonium or a

phosphonium cation along with a hydrogen bond

donor (HBD) (e.g., urea, glycerol, or ethylene glycol),

to form a mixture that exhibits a notably lower melting

point than either HBA or HBD. In the present work, a

DES system based on choline chloride and urea (Singh

et al. 2012) was used as a pretreatment to liberate CNF

from recycled boxboard using mechanical grinding.

The CNF obtained from a secondary cellulose source

were further used as reinforcements in board sheets.

CNF produced directly from recycled board without

any chemical treatments were used as the reference

additives. Nanopapers were produced from the CNF to

evaluate their strength properties. Moreover, the work

evaluated the optimal grinding level in CNF produc-

tion to maximize the energy consumption and costs of

manufacturing CNF for use as board reinforcements.

Materials and methods

Raw material and chemicals

Chemicals used

Urea (97%) and choline chloride ([ 98%) for DES

were purchased from Borealis (Austria) and Algry

Quimica (Spain), respectively. All chemicals were

used as delivered, without any further purification. In

the dilutions and CNF production, deionized water

was used throughout the experiments.

Raw material

Recycled boxboard was obtained directly from board-

container collections, and it was used as the raw

material for the board sheets and the production of the

CNF. The boxboard was first pulped without any

additional chemicals using a Kenwood Chef Titanium

XL pulper (UK) with a nominal rotor power of

1700 W, which has an operating principle similar to

that of the Hobart pulper, at a consistency of 15%

using a temperature of 45 �C. Pulper using a planetary
type mixing during pulping procedure. The mixer and

pulping bowl were manufactured in stainless steel.

Pulping time was adjusted to 10 min and rotor speed 2

(i.e., * 250 rpm). After pulping, the recycled box-

board pulp was washed and screened using a

Somerville screen (Lorentzen and Wettre, Sweden).
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The conductometric titration procedure described

by Rattaz et al. (2011) and Katz et al. (1984) was used

to determine the charge density of the pulp. The

hemicellulose content was determined with the

TAPPI-T 212 om-02 standard and alkali solubility at

25 �C was determined with the TAPPI-T 235 cm-00

standard. The lignin content was determined using

TAPPI-T 222 om-02 standard. Moreover, the extrac-

tive content was analyzed using SCAN-CM 49:03

standard and ash content was determined using the

ISO1762 standard. The chemical properties of the

board raw material are shown in Table 1. The average

(length-weighted) length and width of the board fibers

after washing were determined with a Valmet FS5

Fiber analyzer ultra-high definition (UHD) camera

unit (Finland). Three replicates of each sample were

measured, and the results were averaged and shown in

Table 2.

Production of CNF from the recycled boxboard

DES of choline chloride and urea was used as a

pretreatment to produce CNF from the boxboard pulp.

The DES solution was produced by heating 1620 g of

choline chloride and 1223 g of urea in a large beaker

(5 dm3) at 100 �C until the mixture melted, after

which it was placed into a water bath at 100 �C under

constant stirring for approximately 5 min to obtain a

clear and colorless liquid. Then, 25 g (abs) of recycled

board material (dry matter content of * 30%) was

added to the suspension and mixed for 2 h. Then, the

beaker was removed from the water bath and

1000 cm3 of deionized water was added while mixing

(Sirviö et al. 2015). Next, four identical DES-treated

batches of boxboard pulp were combined. Then, the

treated board was washed with water using a

Somerville screen (Lorentzen and Wettre) until clear

rinse water was obtained.

After completing the washing procedure, the DES-

treated pulp was disintegrated with a Masuko super-

masscolloider grinder (MKCA6-2J, Japan) using three

different grinding times (grinding energy) to obtain

three different CNF samples: T1, T2, and T3

(Table 3). The stones of the grinder were first carefully

brought into close contact, as determined by the low

friction sound, and then the pretreated pulp slurry was

poured into the grinder at a consistency of 1.5%. First,

the pulp was passed through the grinder three times

using a zero-grinding stone gap (sample: T0); after

which the stones were adjusted to negative gap values

in order to start the actual fibrillation. The energy

consumption of the fibrillation procedure was

recorded with an energy meter (iEM3250 Schneider-

Electric, France) attached to the fine friction grinder.

The board pulp passed through the grinder a total of 14

times, using negative gap values of 3 times - 20 lm,

1 time - 40 lm, 1 time - 50 lm, 1 time - 60 lm, 3

times - 80 lm, and 5 times - 90 lm to obtain

different board CNF (Table 3). The reference CNF

samples were obtained from untreated boxboard pulp

using a similar procedure. The reference samples are

named: U0, U1, U2 and U3.

Manufacture and characterization

of the investigated materials

Visualization of CNF and the board samples

After being subjected to different grinding energies,

the board pulps were visualized using a Valmet FS5

Fiber analyzer UHD camera unit. Field emission

scanning electron microscope (FESEM) (Zeiss Ultra

Plus, Germany) was used for the samples obtained

after a longer grinding time because of their much

smaller average particle size and the need for a higher

magnification. As a pretreatment, the FESEM samples

were filtered using a polycarbonate membrane with a

pore size of 0.2 lm (Whatman). Then, the filtration

samples were rapidly frozen with liquid nitrogen and

freeze-dried in a vacuum overnight. The dried samples

were sputter-coated with platinum. An accelerating

voltage of 5 kV and a working distance of around

5 mm was used when imaging the samples.

Table 1 Chemical properties of the recycled boxboard pulp

Sample Charge (mmol/g) Cellulose (wt%) Hemicel-lulose (wt%) Lignin (wt%) Extrac-tives (wt%) Ash (wt%)

Board - 0.19 57.5 16.4 13.3 0.8 12.3
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The surface structure of different handsheets was

visualized directly from the surface of the prepared

handsheets, which were sputtered with platinum

before observation under the FESEM with 5 kV

voltage.

Testing the strength properties of the nanopapers

produced from board treated with CNF

Nanopapers were produced by filtration of 0.3 g (abs)

of the fibrillated board samples on a polyvinylidene

fluoride membrane (Durapore) with a pore size of

0.65 lm and a diameter of 70 mm. After filtration, the

wet sheets were covered with a similar membrane and

then dried with a Rapid–Köthen sheet dryer (Karl

Schröder KG, Germany) under a vacuum of 0.1 bar at

a temperature of 93 �C for 10 min (ISO 5269-2:2004).

The samples were stored at ISO 187 standard

conditions of 23 �C and 50% relative humidity. After

preconditioning for at least 48 h in the standard

environment, five thicknesses of the sample in differ-

ent locations were measured using a precision thick-

ness gauge (Hanatek FT3, UK), and the results were

averaged. Six strips with a width of 5 mm were used

for the actual strength measurements. The tensile tests

were performed with a Zwick D0724587 (Switzer-

land) universal material testing machine using a 100 N

load cell (Table 3). During the tensile tests, six

replicates of each sample were tested using the

standard conditions of 23 �C temperature and 50%

relative humidity. The gauge length was adjusted to

40 mm at a strain rate of 4 mm/min.

Table 2 Fiber properties of the recycled board pulp ground with a fine friction grinder including standard deviation of measurements

Sample Fiber length

(mm)

Fiber width

(lm)

Fines A1,

0–0.04 mm

(%)

Fines A2,

0.04–0.08 mm

(%)

Fines A3,

0.08–0.12 mm

(%)

Fines A4,

0.12–0.16 mm

(%)

Fines A5,

0.16–0.20 mm

(%)

T0 0.763 ± 0.018 19.27 ± 0.70 1.94 ± 0.24 1.25 ± 0.07 0.85 ± 0.04 0.68 ± 0.04 0.65 ± 0.03

T1 0.148 ± 0.001 6.42 ± 0.04 20.72 ± 0.09 11.39 ± 0.04 5.7 ± 0.02 3.69 ± 0.03 2.72 ± 0.02

T2 0.053 ± 0.002 3.60 ± 0.10 44.63 ± 1.19 22.93 ± 0.27 9.47 ± 0.32 4.91 ± 0.18 2.87 ± 0.14

T3 0.042 ± 0.002 2.14 ± 0.09 64.77 ± 2.25 24.41 ± 0.94 7.06 ± 0.77 2.18 ± 0.35 0.69 ± 0.15

U0 0.787 ± 0.033 19.53 ± 0.84 1.42 ± 0.16 1.02 ± 0.04 0.74 ± 0.03 0.69 ± 0.02 0.64 ± 0.01

U1 0.138 ± 0.003 6.66 ± 0.09 22.96 ± 0.21 11.87 ± 0.09 6.45 ± 0.08 4.35 ± 0.08 3.11 ± 0.07

U2 0.057 ± 0.001 4.39 ± 0.11 38.96 ± 0.87 20.91 ± 0.43 10.01 ± 0.26 5.94 ± 0.16 4.00 ± 0.01

U3 0.037 ± 0.001 1.87 ± 0.09 72.51 ± 1.89 21.37 ± 1.26 4.58 ± 0.46 1.05 ± 0.12 0.26 ± 0.03

Table 3 Energy consumption of the CNF production and the strength properties of the CNF nanopapers including standard deviation

of measurements

Sample Description Grinding time

(min)

Energy consumption (kWh/

kg)

Density (kg/

m3)

Tensile strength

(MPa)

Strain (%)

T0 Fibers 0 0 568.4 ± 8.0 14.0 ± 0.1 1.32 ± 0.01

T1 CNF 37 1.6 881.9 ± 26.6 66.0 ± 3.4 2.54 ± 0.01

T2 CNF 67 3.7 1220.0 ± 6.4 156.1 ± 12.6 7.61 ± 0.09

T3 CNF 114 8.8 1459.2 ± 0.4 181.8 ± 24.1 9.95 ± 0.13

U0 Fibers 0 0 597.5 ± 24.4 16.7 ± 0.4 1.12 ± 0.01

U1 CNF 30 1.0 832.1 ± 42.0 36.7 ± 0.6 1.89 ± 0.01

U2 CNF 60 2.6 1109.9 ± 67.3 102.7 ± 6.8 5.46 ± 0.02

U3 CNF 135 9.9 1418.1 ± 23.0 154.2 ± 18.4 9.35 ± 0.16
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Manufacturing and testing of the board handsheets

Laboratory handsheets were prepared from recycled

boxboard pulp using various dosages (0%, 2%, 4%, or

6%) of CNF as a reinforcement. CNF were added

directly to the pulp board slurry without any other

chemical additives. Board sheets with 160 g/m2

grammage were prepared in a laboratory sheet-form-

ing machine (Lorentzen and Wettre) according to the

ISO 5269-1 standard method.

The board handsheets were conditioned before

testing at 23 �C in 50% relative humidity according to

the ISO 187 standard. Eight handsheets which means

in practice at least eight replicates of each sample were

tested using the standard conditions. The grammage

and thickness of the handsheets were measured

according to ISO 536 and ISO 534 standards. The

tensile strength of the board handsheets was measured

with a Zwick D0724587 universal material testing

machine according to the ISO 1924-2 standard using

15 mm 9 141 mm test strips. The internal bond

strength of the paperboard (z-direction tensile

strength) was measured with a Zwick D0724587

machine according to the TAPPI T541, 09/2005

standard. The tearing strength was measured with

the Lorentzen and Wettre Tearing Tester according to

TAPPI T414 om-12.

Results and discussion

Characteristics of the board fibers and CNF

The visual appearance of the DES-treated board fibers

and CNF obtained from grinding (Fig. S1) were

studied with Valmet FS5 Fiber analyzer UHD camera

unit (samples T0, T1, T2, and T3). Furthermore,

example images (Fig. S2) of the DES-treated CNF (T2

and T3) were obtained with FESEM. Length weighted

fiber length and width of each sample are presented in

Table 2. The optical resolution of FS5 UHD camera

unit is close to 1 lm, which means that the smallest

particles are not visible in practice and thus not

included in the calculations. Length of the fibers

decreased from around 0.8 mm (T0/U0) to 40 lm (T3/

U3), when grinding time increased and finally led to a

suspension containing mainly CNF (i.e., U3 and T3).

Also fiber width decreased from around 19 lm (T0/

U0) to around 2 lm (T3/U3). The proportion of fines

(i.e., particles which length and width are smaller than

200 lm) were mainly in the two smallest size

categories (i.e., 0–40 lm and 40–80 lm) with U3

and T3 samples while in primary board pulp (T0/U0)

there is only around 5% fines. Based on the fiber

analysis, the fiber properties of the DES-pretreated

samples and the samples without chemical treatment

(reference samples) were similar.

The surface structure of the board handsheets

(160 g/m2) was visualized directly from the surface

of the prepared sheets with the absence (Fig. 1a) and

the presence of additional reinforcement CNF (T1, T2

and T3, Fig. 1b–d). CNF were observed on the surface

of the handsheets, and smaller fibrils were visible on

the surface of the sheets when the fibrillation level

increased (i.e., T3 vs. T1/T2).

Energy consumption of the CNF production

and the strength properties of the nanopapers

Table 3 presents the grinding energy demand for the

production of the CNF reinforcements. The grinding

time varied from 0 to 114 min, while the correspond-

ing energy consumption was 0–8.8 kWh/kg of prod-

uct. The consumed energy used in this research was

well in line what have been noticed earlier in many

publications related to mechanical fine friction grind-

ing (Eriksen et al. 2008; Klemm et al. 2011; Laitinen

et al. 2017; Ämmälä et al. 2019). The reinforcement

potential of CNF was evaluated from the nanopapers

fabricated directly from CNF without board fibers

(Table 3). Overall, the strength properties of the CNF

obtained from the DES-treated samples were better in

comparison to the CNF produced using mechanical

grinding without chemical pretreatment, and the

strength increased as a function of grinding time. For

example, the tensile strength of the nanopapers from

the DES-treated CNF increased from 14.0 to

181.75 MPa (T0 and T3), while the maximum tensile

strength of the reference CNF was 154.17 MPa (U3).

These values are comparable to many of the recently

published strength values of lignocellulosic nanopa-

pers and films (Spence et al. 2010; Rojo et al. 2015;

Visanko et al. 2017; Hietala et al. 2018).

Mechanical properties of the board handsheets

The CNF produced from recycled boxboard were used

as a reinforcement in the board handsheets. During the
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preparation of the handsheets, the drainage time was

observed to increase almost linearly (Fig. 2) as a

function of the reinforced CNF dosage, which varied

from 2 to 6 wt%. Moreover, the increase in the

grinding time of the fibers decreased the water

removal, i.e., it increased the drainage time (U1 ?
U2 ? U3). A similar trend was observed for the DES-

treated and reference CNF. However, the total reten-

tion of the board handsheets were very high (from

approx. 97.5–99.5%), which was in practice 97.5%

with the highest dosage of reinforcement CNF

(6 wt%) and with CNF of the smallest size (U3 and

T3). This indicates that the retention of the reinforce-

ment CNF was also high without the use of any

retention chemicals (around 70%).

The reinforcement of the mechanical properties of

the board sheets by the addition of CNF is most likely

connected to the enhanced bonding between the board

fibers promoted by the CNF (da Costa Correia et al.

2016). Therefore, CNF can increase the density and

stiffness of a sheet, and decrease the sheet bulk. In the

present study, the highest density (Fig. 3) and lowest

bulk (Fig. S3) were observed, as expected, in the board

sheets with the highest amount (6 wt%) of the most

fibrillated reinforcement CNF (U3). For example, the

sheet density increased from 577 to 684 kg/m3, while

bulk decreased from 1.73 to 1.46 cm3/g with U3.

Density trends and therefore in turns bulk trends seems

to be similar in both for the DES-treated and reference

CNF.

The tear index and strain of the board handsheets

are presented as a function of the CNF reinforcement

(Fig. 4.) Both the tear index and strain increased with

larger CNF dosages, except for the sheet containing

U1. However, the effect of CNF on the tear strength

was either relatively small or it plateaued at low

dosages. Furthermore, the improvement in strain

Fig. 1 Surface structure of the board handsheets with the absence and presence of CNF as reinforcements; a board from 100% of T0;

b board containing 6 wt% of T1; c board containing 6 wt% of T2; d board containing 6 wt% of T3

Fig. 2 Drainage time of the board handsheets
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induced by CNF was very small (\ 1% unit). Gener-

ally, the DES-treated CNF sample resulted in better

values than the reference CNF.

To evaluate the costs attributed to using CNF as

reinforcements in the board handsheet, some prelim-

inary calculations were conducted. The estimated

price of the electricity was 0.13 €/kWh; the price of

recycled boxboard was 0.08 €/kg. Technical grade of
urea costs around 200 €/t and choline chloride around

350 €/t (Laitinen et al. 2017). We used in these

calculations recycling rate of 10 times and efficiency

of chemical recycling 97% and the used consistency of

pulp solution during DES-treatment was 5%. Based on

calculations chemical pretreatment with used DES-

system increased the raw material cost from 0.08 to

0.107 €/kg, which is around 34%.We noticed also that

both the grinding level of CNF and their loading in the

board sheet have a significant impact on the final price

of the board. For example, increasing the T3 dosage

from 2 to 6 wt% increased the final product price of

the board by approximately 160–212%. Overall, the

costs associated with using DES-treated CNF were

around 30% higher when compared to reference CNF

(Figs. S4–S6) recycled board. Because the energy

consumption, chemical costs and costs associated with

CNF use increased notably when the CNF grinding

level increased, the most important mechanical prop-

erties of the board were compared to the energy

consumption and relative manufacturing price of the

strengthened recycled board to analyze the optimal use

of CNF as a reinforcement.

The tensile strength of the handsheets increased

almost linearly as a function of the CNF dosage

(Fig. 5). CNF treated with DES enhanced the tensile

strength to a greater extent than the addition of

reference CNF (Fig. 5), and the highest strength value

was obtained with T3. The best tensile strength index

was 61% higher (i.e., T3 [6%]) than that of the

reference board handsheet (34.0 kNm/kg). Moreover,

it was observed that pulp from the DES-pretreatment

had better strength properties in comparison to the

untreated pulp. However, by considering the total

chemical costs associated with the pulp slurry

Fig. 3 Densities of the prepared board handsheets

Fig. 4 Tear index (a) and strain values (b) of prepared board handsheets
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pretreatment, a more economical way to enhance the

strength properties would be to add untreated mechan-

ical grinded CNF as the reinforcement. Of the CNF

used, the samples obtained from moderate grinding

(U2) resulted in the most cost-efficient board sheets

(Fig. S4). The obvious reason for this phenomenon is

that the energy consumption of grinding increased

significantly at the end of the grinding process (i.e.,

U2 ? U3), while the improvement in strength prop-

erties was not as pronounced.

The trend for the tensile stiffness index of the board

sheets was similar to the trend for the tensile strength

index (Fig. 6). A nearly linear increase in the tensile

stiffness index was observed, and a maximum increase

of 27% was noted with the CNF treated with DES and

the highest grinding level (T3). Furthermore, the most

economical way to increase the tensile stiffness was to

add the CNF with a moderate grinding level (i.e., U2,

Fig. S5). For example, the 6 wt% dosage of T2

resulted in a tensile stiffness index of approximately

5.5 MNm/kg with a relative cost of 160%, while cost

related to the use of the 6 wt% of U3 was approxi-

mately 190%with the stiffness index of approximately

5.3 MNm/kg.

In the best case, the tensile stress (z-direction

tensile strength) was 85% higher (i.e., T3 [6%]) than

that of the reference board handsheet (i.e., without

grinding) (Fig. 7). However, the differences between

the DES-treated CNF and the reference CNF were

small. Similar to the tensile strength and stiffness

values, the most cost-efficient use of reinforcement

was to add the CNF with the moderate grinding levels

(i.e., U2) to enhance the z-direction tensile strength

(Fig. S6).

Overall, the results clearly demonstrate that the best

way to improve the mechanical properties of the board

sheet was to add approximately 4 wt% of untreated

mechanical grinded CNF from the moderate grinding

levels (those that used grinding energy 3–4 kWh/kg)

as a reinforcement material. Doing so only increased

the relative price of the manufactured board by

15–20%, but the tensile strength index improved

25–40%, the tensile stiffness index was 10–20%, and

the z-direction tensile strength was 40–60% (Fig. S4–

Fig. 5 Tensile strength index against reinforcement fiber

amount of the prepared board handsheets

Fig. 6 Comparison of the tensile stiffness index based on the

amount of reinforcement fiber of the prepared board handsheets

Fig. 7 The tensile stress (z-direction tensile strength) rein-

forcement fiber amount of the prepared board handsheets
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S6). Obviously, the board strength properties can still

be improved by adding CNF with a higher grinding

level ([ 4 kWh/kg) or by increasing the amount of

reinforced CNF ([ 4 wt%), but this is not meaningful

from an economic point of view. Furthermore, higher

dosages of CNF from higher grinding levels would

increase the drainage time and cause problems in the

actual boardmanufacturing process.Moreover, it must

be highlighted that the total chemical costs needed for

the DES-pretreatment and the recycling of chemicals

(i.e., urea and choline chloride) increased relative

much (around 30%) of the final product price when

DES-treatment is used in the CNF preparation. In

summary, the results suggest that the grammage of

prepared board could be decreased by adding CNF as

the reinforcement material, and the treated product

would still achieve similar strength properties as the

original board without any reinforced fibers.

In the Table 4 have been compared improved

strength properties of different paper products pub-

lished in recent years. As can be noticed different

nanocellulose reinforced fibers have typically a pos-

itive impact on the strength properties of various paper

products, but some of research’s were used very

expensive chemicals and very energy intensive grind-

ing method like high pressure homogenization instead

of mechanical grinding. Additionally, most of studies

focused on paper strengthening and only a few

scientific studies have focused on the effects of CNF

on paperboard properties.

Conclusions

This study’s findings showed that, by selecting

suitable grinding levels and dosages of CNF, it is

Table 4 Comparison of the improved strength properties of paper products published in recently

Publication Reinforced fiber Added

amount

(%)

Retention

agent/filler

Increase

of tensile

strength

(%)

Increase of

z-direction

tensile

strength (%)

Final product

Eriksen et al. (2008) Kraft pulp CMF 1–8 No/no 7–21 Not analyzed TMP

Hii et al. (2012) SW kraft pulp CMF 2.5–5 Yes/yes 3–13 20–35 Newsprint grade TMP

Djafari Petroudy et al.

(2014)

Mechanical and enzymatic

treated CMF

1–5 Yes/no 22–40 Not analyzed Bagasse pulp

Hellström et al. (2014) Fenton and enzymatic treated

CNF

5 Yes/yes 5–35 2–50 CTMP

Su et al. (2014) HW kraft pulp CMF 10 Yes/no 270–300 Not analyzed HW kraft pulp

Delgado-Aguilar et al.

(2015a)

Tempo-oxidized CNF 1.5–4.5 Yes/yes 40–82 32–56 Deinked pulp

Hassan et al. (2015) Enzymatic and TEMPO-

oxidized CNF

2.5–20 No/no 14–62 Not analyzed Softwood and bagasse

pulps

Delgado-Aguilar et al.

(2015b)

HW kraft pulp CNF 3 Yes/no 70–200 Not analyzed HW kraft pulp

Brodin and Eriksen

(2015)

Carboxymethylated and

fractionated TMP

0–20 No/no 1–15 Not analyzed TMP

Mashkour et al. (2015) Acetylated CNF 0–10 Yes/no 0–17 Not analyzed SW kraft pulp

Hietala et al. (2016) Dicarboxyl acid cellulose CNF 0.25–4 Yes/yes 0–21 Not analyzed Fluting board

Suopajärvi et al.

(2017)

Kraft pulp, Fluting and Board

CNF

4 Yes/yes 12–34 Not analyzed Kraft pulp, Fluting

and Board

Tajik et al. (2018) Bagasse pulp CNF 0.1–2 Yes/no 15–49 Not analyzed Bagasse pulp

Bossu et al. (2019) SW kraft pulp CMF 1–10 No/no 3–48 1–95 SW kraft pulp

This study Boxboard CNF 2–6 No/no 1–45 2–85 Recycled boxboard

This study DES-treated boxboard CNF 2–6 No/no 11–60 20–72 Recycled boxboard
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possible to notably enhance the strength of the board

sheet. Moreover, a balance between the board pro-

cessing parameters (retention, drainage time) and the

board mechanical properties can be achieved by

tailoring the amount of CNF that is added. The

strength properties of the manufactured board sheets

improved several dozen percentages when CNF

obtained from recycled boxboard was used as a

reinforcement. It was also observed that the strength

properties of the pulp from the DES-pretreatment were

better than those of the untreated pulp. However when

taking account chemical pretreatment with used DES-

system the raw material cost increased around 34%

and therefore the most economical way to improve the

tensile strength properties of boards is to add untreated

mechanical grinded CNF with around a 4% moderate

grinding level (using a grinding energy level around

3–4 kWh/kg) directly to the board pulp slurry as the

reinforcement material.
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Delgado-Aguilar M, González Tovar I, Tarrés Q et al (2015b)

Approaching a low-cost production of cellulose nanofibers

for papermaking applications. BioResources. https://doi.

org/10.15376/biores.10.3.5345-5355

Djafari Petroudy SR, Syverud K, Chinga-Carrasco G et al

(2014) Effects of bagasse microfibrillated cellulose and

cationic polyacrylamide on key properties of bagasse

paper. Carbohydr Polym 99:311–318. https://doi.org/10.

1016/j.carbpol.2013.07.073

Eriksen Ø, Syverud K, Gregersen Ø (2008) The use of

microfibrillated cellulose produced from kraft pulp as

strength enhancer in TMP paper. Nord Pulp Pap Res J

23:299–304
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Hietala M, Ämmälä A, Silvennoinen J, Liimatainen H (2016)

Fluting medium strengthened by periodate–chlorite oxi-

dized nanofibrillated celluloses. Cellulose 23:427–437.

https://doi.org/10.1007/s10570-015-0801-1

Hietala M, Varrio K, Berglund L et al (2018) Potential of

municipal solid waste paper as raw material for production

of cellulose nanofibres. Waste Manag 80:319–326. https://

doi.org/10.1016/j.wasman.2018.09.033

123

7224 Cellulose (2020) 27:7215–7225

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.indcrop.2019.111664
https://doi.org/10.1016/j.indcrop.2019.111664
https://doi.org/10.3390/nano9030321
https://doi.org/10.3390/nano9030321
https://doi.org/10.3183/npprj-2015-30-03-p443-451
https://doi.org/10.3183/npprj-2015-30-03-p443-451
https://doi.org/10.1007/s10570-016-0996-9
https://doi.org/10.1007/s10570-016-0996-9
https://doi.org/10.1007/s10570-014-0473-2
https://doi.org/10.1007/s10570-014-0473-2
https://doi.org/10.15376/biores.10.3.5345-5355
https://doi.org/10.15376/biores.10.3.5345-5355
https://doi.org/10.1016/j.carbpol.2013.07.073
https://doi.org/10.1016/j.carbpol.2013.07.073
https://doi.org/10.1007/s10570-013-9927-1
https://doi.org/10.1016/j.indcrop.2014.11.004
https://doi.org/10.1007/s10570-015-0801-1
https://doi.org/10.1016/j.wasman.2018.09.033
https://doi.org/10.1016/j.wasman.2018.09.033


Hii C, Gregersen ØW, Chinga-Carrasco G, Eriksen Ø (2012)

The effect of MFC on the pressability and paper properties

of TMP andGCC based sheets. Nord Pulp Pap Res J 27:388

Kamel S (2007) Nanotechnology and its applications in ligno-

cellulosic composites, a mini review. Express Polym Lett

1:546–575. https://doi.org/10.3144/expresspolymlett.

2007.78

Kangas H, Lahtinen P, Sneck A et al (2014) Characterization of

fibrillated celluloses. A short review and evaluation of

characteristics with a combination of methods. Nord Pulp

Pap Res J 29:129–143

Katz S, Beatson RP, Scallan AM (1984) The determination of

strong and weak acidic groups in sulfite pulps. Sven Pap-

perstidning 87:R48–R53

Klemm D, Kramer F, Moritz S et al (2011) Nanocelluloses: a

new family of nature-based materials. Angew Chem Int Ed

50:5438–5466. https://doi.org/10.1002/anie.201001273
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