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Abstract  Nowadays, a high percentage (> 50%) 
of the paper produced in Europe uses recovered 
paper (secondary fibers) as raw material. In order to 
improve the mechanical properties of the paper pro-
duced, different kinds of additives are usually incor-
porated into the paper. Emerging renewable materials 
based on agricultural or forest residues, such as cellu-
lose nanomaterials, have recently proved good capac-
ities as reinforcing agents for different applications. In 
this work, pulp from wheat straw with a content of 
cellulose nanomaterial has been produced and tested 
as a mechanical reinforcing agent for paper produc-
tion. A soda semi-chemical process was applied for 
the delignification of straw, to produce pulp with high 
cellulose content. Posteriorly, pulps with cellulose 
nanofibers were obtained in a high-pressure homog-
enizer, applying three different pretreatments to the 

cellulose pulp (acid hydrolysis, enzymatic hydroly-
sis and thermal treatment with glycerol) in order to 
facilitate the obtention of cellulose nanomaterial. 
Handsheets of paper were prepared from two sources 
of secondary fiber (fluting paper and old corrugated 
containers), adding different percentages of wheat 
straw derivatives (0, 3.5, 5 and 7%). The fibers’ mor-
phology and the papers’ mechanical properties were 
investigated. Noticeable improvement rates (up to 
25%) were observed for some mechanical properties 
of paper containing nanocellulose produced after the 
enzymatic and acid pretreatments. The quality of the 
secondary fibers source also affected the improve-
ment rates achieved, with higher percentage changes 
for the lower-quality recycled paper.
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Introduction

The use of secondary fibers (recovered paper) in the 
pulp and paper industry has been overgrown in recent 
years. In fact, the current use of recovered paper as 
raw material for the paper industry is almost 50% in 
CEPI countries (Confederation of European Paper 
Industries) and represents a higher percentage (next 
to 70%) in the production of paper for corrugated 
cardboard industry (CEPI 2018). Although the reuse 
of cellulose fibers allows for saving wood resources 
and increases the circular economy, the properties 
of pulp and paper produced from secondary fibers 
are worse than those of papers produced from virgin 
fibers because of the degradation of the fibers dur-
ing physical operations (Yan et al. 2016). Increasing 
the recycling cycles decreases most of the mechani-
cal properties of the paper, such as tensile index, tear 
index or burst index and increases the hornification 
(Kermanian et al. 2013).

To solve this problem, paper mills using recovered 
paper as raw material incorporates a part of virgin fib-
ers (usually in the form of Kraft paper) and/or addi-
tives along with the secondary fibers to improve the 
properties of paper for cardboard production. These 
additives are usually synthetic resins or, to a greater 
extent, starch (García et  al. 2016). Replacing these 
additives, either non-renewable or edible products, 
with others produced from agricultural or forestry 
residues increases the process’s sustainability. For 
many years, the pulp has been produced industrially 
from these materials, mainly by means of semi-chem-
ical soda processes, obtaining a product that, mixed 
in high percentages (> 20%), allowed increasing the 
mechanical properties of the paper produced from 
secondary fibers. However, introducing these waste 
pulps hindered the water loss capacity of the final 
pulp, negatively affecting production (Gonzalo et  al. 
2017). Against this background, some emerging cel-
lulose-based materials, such as cellulose nanocrystals, 
cellulose microfibers or cellulose nanofibers, could 
play an important role in searching for such renewable 
additives. All of these materials have very interest-
ing physicochemical properties that make them suit-
able for a large number of applications, including as 
reinforcement materials in pulp and paper production. 
Most of these materials are obtained by destructuring 
the cellulose fibers, either by applying shear forces 
or by carrying out hydrolysis reactions on cellulose 

pulp, the main differences between these materials 
being sizes and morphologies. According to ISO/TS 
20477:2017, cellulose nanofibers have lengths up to 
100 μm and widths between 3 and 100 nm.

In recent years, different raw materials for the 
production of cellulose nanomaterial have been 
reported in the bibliography, including wood and its 
residues, crops like bamboo or jute, different agricul-
tural residues such as rice straw or coconut husk, or 
even secondary fibers from recovered paper (Balea 
et  al. 2018). An extensive review about the sources 
and technologies used by different authors for cellu-
lose nanomaterial production can be found elsewhere 
(García et al. 2016). The incorporation of these nano-
materials in the paper production process has resulted 
in the improvement of some paper quality parameters. 
For instance, Balea et  al. used cellulose nanofibers 
obtained from pine and eucalyptus residues (virgin 
fiber), managing to reduce printing problems by up to 
40% and increasing the traction index of paper by up 
to 32% (Balea et al. 2018).

Cellulose nanofibers have also been manufactured 
from both broke streams (from newsprint production) 
and corrugated paper and subsequently incorporated 
into the original secondary fibers pulp (Balea et  al. 
2019), thus leading to an improvement in the paper 
traction index between 30% (newsprint nanofibers) 
and 60% (corrugated paper nanofibers). In addition, 
the tear index, short compression test (SCT) and burst 
index increased by 15–20% when the nanofibers from 
the corrugated paper were added.

Cellulose nanofibers have also been produced from 
agricultural residues. Espinosa et  al. obtained nano-
cellulose from semi-chemical treatment of wheat 
straw, and these nanofibers were subsequently added 
to the wheat straw pulp itself to produce paper (Espi-
nosa et al. 2016). With this addition, improvements of 
up to 28% in the breaking length and up to 50% in the 
burst index were obtained. However, the air perme-
ance of the paper was linearly reduced with the addi-
tion of nanofibrillated cellulose.

The objective of the present work is to furtherly 
assess the use of an agricultural residue, such as 
wheat straw, to produce a straw-derivative with cellu-
lose nanofiber (CNF) content that could improve the 
mechanical properties of cardboard paper produced 
from secondary fibers. Straw pulp was obtained by 
semi-chemical processing of wheat straw through 
the soda process, and posteriorly, the CNFs were 
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obtained by high-pressure homogenization (Pääkkö 
et  al. 2007). In order to facilitate this process, three 
different treatments previous to homogenization were 
tested and compared: acid hydrolysis, enzymatic 
hydrolysis and thermal treatment with glycerol.

Afterward, CNFs were incorporated into card-
board paper produced from two different sources of 
secondary fibers (fluting papers and old corrugated 
containers), aiming at making an initial assessment of 
the effect of the recycled fibers quality on the perfor-
mance of the wheat straw pulp addition.

Materials and methods

Materials

For the straw-derivative production, wheat straw 
collected in the northeast of Spain (Sobás, Huesca, 
42°29′15″N–0°15′39″W) was used. Prior to diges-
tion, the straw was washed with tap water to remove 
dust and particles, and dried at room conditions for 
one week. Table 1 depicts the analysis results of the 
wheat straw after washing and drying. The elemen-
tal analysis was carried out using a LECO CHN628 
Analyzer combined with the sulfur add-on 628-S, 

while the proximate analysis, involving ash content, 
moisture content and volatile matter, was determined 
according to standard procedures (EN 14775:2010, 
EN 14774-3:2010 and EN 15148-2010, respectively). 
The higher heating value (HHV) was measured using 
a bomb calorimeter (IKA C2000 basic). The organic 
extractives content was determined by the Soxhlet’s 
extraction method using dichloromethane as a solvent 
for 6 h. Hemicellulose, cellulose and lignin contents 
were defined by the Van Soest analysis methodol-
ogy based on subsequent digestion stages in different 
detergents (neutral detergent, acid detergent and sul-
furic acid 72%) (Godin et al. 2011).

Sodium hydroxide (98% assay, purchased from 
Sigma-Aldrich) was used for the delignification pro-
cess; endo-β-1,4-glucanase enzyme (purchased from 
SERTEC20), sulfuric acid (98% assay, purchased 
from Labkem) and glycerol (99.5% assay, purchased 
from Panreac) were used for the CNFs production. 
Cationic polyacrylamide (c-PAM) (purchased from 
KEMIRA) was used as a retention agent to avoid the 
loss of the nanocellulose in the production of paper 
handsheets.

For the preparation of pulp from secondary fibers, 
two different raw materials were used: old corrugated 
containers (OCC), with quality 1.05.01 according to 
UNE-EN 643:2014, and commercial fluting paper 
(FP) produced from 100% recovered paper.

Delignification and size reduction of straw

Soda semi-chemical process was used for the delig-
nification of wheat straw. The digestion of the straw 
was carried out in a stainless-steel batch digester 
(capacity of 30 L, externally heated). Up to 1 kg of 
straw (washed and air dried) and 10 L of soda solu-
tion (95  g of NaOH) were mixed. The reaction 
occurred for 3  h at a temperature of 98 ± 2  °C and 
atmospheric pressure. These experimental condi-
tions were set according to previous experiences in 
the field and are similar to those used industrially for 
the semi-chemical production of paper using non-
woody materials (Lora et al. 2000; Marín et al. 2009; 
Gonzalo et al. 2017). The result of this process was a 
lignin-rich liquor (black liquor), which was discarded, 
and pulp with a high content of cellulose. The pulp 
obtained was washed with an excess of tap water in 
different batches, until no appreciable change in color 
was observed in the washing water, and a pH lower 

Table 1   Wheat straw characterization

a by difference: %O = 100-%C-%H-%N-%S-%Ash

Parameter Average value ± SD

Ultimate analysis (wt%)
 C 45.2 ± 0.2
 H 6.5 ± 0.2
 N 0.29 ± 0.05
 S 0.13 ± 0.002
 Oa 44

Proximate analysis (wt%)
 Ash 3.9 ± 0.2
 Moisture 4.18 ± 0.09
 Volatiles 84 ± 2

Macro-components composition
(wt%, dry and ash free: daf basis)
 Extractives 0.4 ± 0.2
 Lignin 26 ± 5
 Cellulose 55 ± 1
 Hemicellulose 19 ± 4
 HHV (kJ/kg) 17,224 ± 629
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than 8.5 was reached. After the semichemical process 
a partial defibration of wheat stems, and a clear loss 
of rigidity of the material was observed, due to the 
elimination of part of the lignin, which has an impor-
tant role as structural support. Subsequently, the pulp 
was air dried for 15  days. This semichemical pulp-
ing of wheat straw yielded 57.6% of pulp, with an 
ash content of 2.87 ± 0.02 wt% (determined accord-
ing to EN 14775:2010 standard) and a residual lignin 
content of 10.65 ± 0.02 wt% (determined by the last 
digestion step of Van Soest’s method).

After the delignification step and before the prepa-
ration of the straw-derivatives with cellulose nanoma-
terial, the size of the produced material was reduced 
using milling equipment with rotary blades and tem-
perature control.

CNF production and characterization

Wheat straw pulp containing nanofibers was pro-
duced using a high-pressure homogenizer (PANDA, 
Niro Soavi) to extract the nanofibers after 5 stages of 
processing, in which the pulp was passed through the 
equipment at different pressures: one pass at 250 bar, 
another pass at 500 bar and 3 more passes at 1000 bar 
(Pääkkö et  al. 2007; Delgado-Aguilar et  al. 2015; 
Rahikainen et al. 2019).

In order to facilitate the process, three differ-
ent treatments previous to the homogenization were 
tested according to the literature: (i) mild acid hydrol-
ysis, (ii) enzymatic hydrolysis and (iii) thermal treat-
ment with glycerol.

Production of nanocellulose from wheat pulp using 
acid hydrolysis (CNF‑A)

For the preparation of the CNF-A, the pulp was pre-
treated using concentrated sulfuric acid (98%) as a 
reagent, and according to the method described by 
Delgado-Aguilar et al. (Delgado-Aguilar et al. 2015). 
A beaker with 730 mL of milli-Q water and 70 mL of 
sulfuric acid (15 wt%) was placed in a heating plate 
(C-MAG HS7, IKA), with constant stirring (RW 20, 
IKA), then 45 g of dry wheat straw pulp were loaded 
into the beaker. The reaction temperature was main-
tained at 60 °C for 10 h.

Once the reaction time had elapsed, the suspension 
was diluted with tap water and centrifuged several 
times until neutralizing its pH. The precipitate was 

diluted to 3 L and homogenized in a rotor–stator dis-
persion equipment (Dispermat, VMA) at 10,000 rpm 
for 4 h. Finally, the pulp was processed in the high-
pressure homogenizer, as commented before.

Production of nanocellulose from wheat pulp using 
enzymatic hydrolysis (CNF‑E)

Forty five grams of dry semi-chemical pulp were 
diluted with tap water until reaching a consistency of 
5% (wt% of solid content), and the resulting pulp was 
disintegrated in a wet crusher during 60  min. Then, 
the enzymatic treatment was carried out at 3% con-
sistency with a dosage of 2 g of endo-β-1,4-glucanase 
per kg of dry pulp, maintaining the reaction in mild 
agitation for 6 h at a temperature of 50 °C. After this 
period, the reaction temperature was increased to 
90  °C for 30  min in order to ensure the end of the 
reaction (Delgado-Aguilar et al. 2015). Then, the con-
sistency of the pulp was adjusted to 0.69%, and the 
resulting mixture was homogenized in the rotor–stator 
dispersion system at 10,000 rpm for 4 h. Finally, the 
pulp was processed in the high-pressure homogenizer.

Production of nanocellulose from wheat pulp using 
thermal treatment with glycerol (CNF‑G)

The pretreatment using glycerol at high temperature 
was conducted according to the method described 
elsewhere (Ramakrishnan et  al. 2019). For this pro-
cedure, 1620  g of glycerol were added to a beaker 
and heated up to a temperature of 200  °C while 
slowly adding 54  g of wheat straw dry pulp during 
the heating period. Once the reaction temperature was 
reached, the mixture was maintained under stirring 
for 4  h. Then, the pulp was cooled and centrifuged 
three times (4100  rpm for 10  min) so that glycerol 
was removed as a supernatant and the pulp remained 
as a precipitate at the bottom of the centrifuge tube. 
This precipitate was homogenized in the same disper-
sion equipment as the other samples and processed in 
the high-pressure homogenizer.

The three CNFs suspensions were characterized 
by scanning electron microscopy (SEM) using a 
SEM EDX Hitachi S-3400 N microscope in order to 
assess the morphology and the structure of the pro-
duced materials. The morphology of the samples was 
also characterized by transmission electron micros-
copy (TEM) using a FEI Tecnai T20 microscope. To 
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carry out the observation of each sample, a drop of 
the nanocellulose dispersion was placed in a Holey 
Carbon Supported Copper Grid (Merck), with a grid 
size are of 300 mesh and hole average diameter of 
100 nm.

A fiber measuring equipment (Kajaani FS5, Val-
met) was also used to analyze the produced fibers’ 
dimensions and the fraction of fines. Specifically, this 
equipment measures particle lengths between 0.01 
and 7.6 mm and widths between 1 and 1000 μm, and 
its software classifies the results in different fractions 
according to the particles size (Padberg et al. 2016).

Sheet preparation and characterization

For the preparation of the pulp from both sources of 
secondary fibers (OCC and FP), each material was 
chopped and disintegrated in a high-consistency 
laboratory pulper (Laboratory helical rotor pulper, 
LICAR), using tap water to adjust the consistency 
of the pulp to 10%. The pulp was processed follow-
ing three stages: (i) 750 rpm for 4 min; (ii) 500 rpm 
for 20  min; (iii) 750  rpm for 10  min. Posteriorly, 
the amount of CNFs necessary for each experimen-
tal condition tested was dispersed at 4,000  rpm 
for 5  min in the dispersion equipment (Dispermat, 
VMA), using a “cowles” disc and then added to the 
pulp along with 20 mL of retention agent (FennoPol 
K 6330 T from KEMIRA, a cationic polyacrylamide 
(c-PAM) prepared at 0.05 wt%).

Finally, 130  g/m2 (an intermediate grammage 
between those produced industrially for fluting and 
liner papers, usually ranging between 75 and 200 g/
m2) paper handsheets made of secondary fibers (OCC 
or FP) with different concentrations of the three kinds 
of CNFs produced (0, 3.5, 5 and 7 wt%), as well as 
handsheets from 100% CNFs, were produced accord-
ing to the UNE-EN-ISO 5269–2 standard in a Rapid-
Köthen Sheet Former (PTI), and posteriorly con-
ditioned according to UNE-EN 20187 standard (at 
23 ± 1 °C and 50 ± 2% humidity for at least 4 h). Due 
to the difficulty of removing water in the handsheets 
obtained from 100% CNFs, it was necessary to manu-
facture them with a lower grammage than the rest 
(60 g/m2).

The paper sheets were characterized. The thick-
ness determination was performed according to ISO 
534, and the average weight was according to ISO 
536, both parameters were used to calculate the den-
sity of the paper. Tensile strength (ISO 1924-3) and 
compressive strength (ISO 9895) tests were also per-
formed in a universal testing machine (Zwick Roell) 
provided with a 5 kN load cell; air permeance (Gur-
ley porosimetry, ISO 5636-5), water absorptiveness 
(Cobb60, ISO 535), bursting strength (ISO 2758) and 
tear strength (ISO 1974) were also determined for the 
characterization of the sheets. Each characterization 
test was repeated with 10 samples of paper, except for 
water absorptiveness (Cobb60, 2 samples). A sum-
mary of the different paper samples produced is listed 
in Table 2 while.

Table 2   Paper handsheets produced

Type of handsheets CNFs manufacture method Secondary 
fiber origin

CNFs doses 
(wt%)

Nomenclature 
for the hand-
sheets

Secondary fibers (no CNFs) Without incorporating CNFs OCC 0 OCC-0
FP 0 FP-0

Secondary fibers + wheat straw CNFs Enzymatic hydrolysis (CNF-E) OCC 3.5; 7 OCC-E-3.5
OCC-E-7

FP 5 FP-E-5
Acid hydrolysis (CNF-A) OCC 3.5; 7 OCC-A-3.5

OCC-A-7
Glycerol (CNF-G) OCC 3.5; 7 OCC-G-3.5

OCC-G-7
Wheat straw CNFs (no secondary fibers) Enzymatic hydrolysis (CNF-E) – 100 E-100

Acid hydrolysis (CNF-A) – 100 A-100
Glycerol (CNF-G) – 100 G-100
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Figure 1 shows a summary scheme of the experi-
mental work and characterization analyses carried out 
throughout this study.

Results and discussion

Characterization of CNFs

Scanning electron microscopy (SEM)

The morphology of the CNFs suspensions was char-
acterized by scanning electron microscopy (SEM). 
Micrographs were taken at different magnifications 
in order to show differences in the material surface 
and to prove the existence of nanofibers. The images 
obtained to characterize the CNFs films surface are 
shown in Fig. 2.

In the microphotographs corresponding to the 
original material (2a and 2b) the fibrous structure of 

the original material can be perfectly appreciated, a 
structure that partially disappears with the partial 
elimination of the lignin, after the semichemical treat-
ment of the straw with soda (2c). In the micrographs 
of CNFs obtained at 500 magnifications (2d, 2e and 
2f), it is possible to observe a flat and homogeneous 
surface with some long fibers, which could be due to 
a fraction of wheat straw not well defibrated. In any 
case, the amount of observed macrofibers was more 
significant for the nanocellulose obtained by the ther-
mal treatment with glycerol (CNF-G).

Transmission electron microscopy (TEM)

The morphology of the CNFs suspensions was ana-
lyzed by transmission electron microscopy (TEM). 
Images obtained by means of this technique are 
shown in Fig.  3, which displays cellulose fibers 
deposited over a carbon film with gaps (darker in 
color).

Fig. 1   Scheme of the experimental work carried out
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Micrographs obtained by TEM allow to check the 
appearance of cellulose nanofibers. In some of the 
pictures, diameters of some of the elementary micro-
fibrils have been marked, showing that all of them 
display branching of fibrils in nanoscale, although 
these are somewhat less visible in the suspension 
manufactured by acid hydrolysis (CNF-A), where a 
more compact sample is observed.

According to the morphology characterization 
carried out, the production of some nanostructured 
materials in the three kinds of CNFs produced is con-
firmed, being their surface and microfibril size are 
slightly different depending on the pretreatment used.

Kajaani fiber analysis

Finally, the fibers’ morphology and dimensions were 
analyzed using Kajaani measuring equipment. Thus, 
the number-averaged fiber length (parameter “Lc 
(n)”) and the length-averaged fiber length (param-
eter “Lc (l)”), as well as the amount and distribution 
of fines (small length fibers), were determined for 
the original OCC pulp and the three different CNFs 

suspensions prepared from wheat straw. These results 
can be observed in Table 3.

When comparing the CNFs results with those 
obtained for the OCC paper pulp, lower values of 
fiber average length can be observed with all the pre-
treatments used. In Table 3, it can be noticed that the 
maximum value for the average fiber length in CNFs 
(both in number and length) corresponds to thermal 
treatment with glycerol (CNF-G), while the nanocel-
lulose produced by acid hydrolysis (CNF-A) is the 
material with the most reduced fiber length. There-
fore, it can be concluded that the pretreatment applied 
to cellulose pulp significantly affects the fiber length. 
Such differences can also be observed in pictures 
taken in the Kajaani equipment (Fig.  4), showing 
shorter fibers for the acid suspension.

Regarding the percentage of fines present in the 
samples (particles with < 10  μm width), the equip-
ment shows a greater number of fines for the sus-
pension produced by acid hydrolysis (CNF-A), 
which again indicates that a greater size reduction 
has been achieved by this pretreatment. Meanwhile, 
cellulose nanofibers fabricated by thermal treatment 
(CNF-G) present the lowest percentage of fines, 

Fig. 2   SEM images. a Washed Straw (× 500), b Washed Straw (× 1000), c Soda Pulp (× 500), d CNF-E (× 500), e CNF-A (× 500), f 
CNF-G (× 500)
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Fig. 3   TEM images of straw nanocellulose (CNFs) at different magnifications. a CNF-E 500  nm, b CNF-A 500  nm, c CNF-G 
500 nm, d CNF-E 50 nm, e CNF-A 200 nm, f CNF-G 500 nm

Table 3   Results of 
Kajaani for pure corrugated 
containers pulp (OCC pulp) 
and the different types of 
CNFs prepared from wheat 
straw (CNF-E, CNF-A and 
CNF-G)

Being ni the number of 
fibers with a length and li 
the length.
a Lc(n): Number-averaged 
fiber length Lc(n) =

N
∑

i=1

n
i
⋅l
i

N
∑

i=1

n
i

b Lc(l): Length-averaged 
fiber length   Lc(l) =

N
∑

i=1
ni ⋅l2i

N
∑

i=1
ni ⋅li

OCC CNF-E CNF-A CNF-G

Fibers average length
 Lc(n)a (mm) 0.29 ± 0.02 0.16 ± 0.01 0.11 ± 0.01 0.20 ± 0.00
 Lc(l)b (mm) 0.81 ± 0.04 0.34 ± 0.01 0.15 ± 0.05 0.40 ± 0.03

Fines (width < 10 µm)
 (% of fibers) 87.8 ± 0.88 91.2 ± 0.44 97.5 ± 0.88 84.2 ± 0.57

Distribution of fibers length
(width > 10 µm)
 Fraction 1 (length 0.01–0.2 mm, %) 32.8 ± 11.3 56.6 ± 6.31 86.6 ± 6.95 43.5 ± 0.63
 Fraction 2 (length 0.2–0.6 mm, %) 19.8 ± 1.58 28.9 ± 1.89 12.3 ± 4.10 36.6 ± 1.58
 Fraction 3 (length 0.6–1.2 mm, %) 33.0 ± 3.16 12.9 ± 5.68 1.00 ± 1.89 17.0 ± 0.32
 Fraction 4 (length 1.2–2.0 mm, %) 7.90 ± 3.79 1.55 ± 1.58 0.20 ± 0.63 2.95 ± 2.84
 Fraction 5 (length 2.0–3.2 mm, %) 4.85 ± 0.95 0.10 ± 0.00 – 0.05 ± 0.32
 Fraction 6 (length 3.2–7.6 mm, %) 1.70 ± 1.89 – – –
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which means that this method results less aggres-
sive for CNFs preparation. This last value of fines 
is even lower than the value of fines contained in 
the pulp used as raw material for the production of 
paper (OCC). The percentage of fines obtained in 
all cases (OCC pulp and CNFs) is shown in Fig. 5a 
with 90% confidence intervals. Figure 5b shows the 
fiber size distribution (with > 10 μm width). As seen 
in the figure, more than 80% of these fibers have 
lengths between 10 and 200 μm (fraction 1) in the 
case of CNF-A, confirming that the acid hydrolysis 

has been the most aggressive pretreatment for the 
straw pulp.

Characterization of paper handsheets produced from 
OCC as a secondary fiber source

The main properties measured in the different sam-
ples of paper sheets produced from OCC and CNFs 
mixtures are shown in Figs. 6 and 7 and Table S1 in 
Supplemetary information section. Results are shown 
with a 95% confidence interval.

Fig. 4   Kajaani images of CNFs suspensions. a CNF-E, b CNF-A, c CNF-G

Fig. 5   a Percentage of fines (in number), b Distribution of fibers length (in number).
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Paper characterization results show that the three 
different nanocelluloses obtained after the different 
pretreatments allow to improve most of the properties 
to a greater or lesser extent, except the paper poros-
ity, which has been reduced, as occurred with the 
additives (starch or synthetic resins) that are usually 
incorporated during the commercial production of 
paper to improve its mechanical properties.

As can be seen in Fig.  6a, the density of the 
papers slightly increased between 2 and 6% when 
adding such low percentages of CNFs. Experimen-
tal variability probably hinders the expected result 
of measuring higher densities when adding a higher 
amount of any of the CNFs. In the case of the sheets 
made of pure CNFs, this parameter has almost dou-
bled the value of the OCC paper. The results stated 
in the literature (Taipale et al. 2010; González et al. 
2013; Su et  al. 2013; Djafari Petroudy et  al. 2014; 

Espinosa et  al. 2016) established that paper den-
sity increases with CNFs addition as nanofibers fill 
the gaps between fibers, also decreasing the poros-
ity of the paper. The analysis of the Gurley porosity 
of the sheets has also confirmed this trend, showing 
a significant reduction of porosity when increasing 
the dosage of CNFs. This rise in the Gurley (which 
means a reduction of paper porosity), as shown in 
Fig. 6b, is sharper for the addition of enzymatic and 
acid nanofibers, increasing Gurley porosity value by 
165% (CNF-A and CNF-E, dosage of 7%), while the 
CNFs suspension fabricated by the thermal treatment, 
which is a less degraded material, barely modifies it.

The effect of CNFs addition on the modulus of 
elasticity (or Young’s modulus) is shown in Fig. 6c, 
where important increments of the average value 
of this property can be observed with the addition 
of some of the CNFs prepared. Thus, nanofibers 

Fig. 6   Properties of the produced paper sheets with OCC as a secondary fiber source: a Density, b Gurley air permeance, c Young’s 
modulus, d Tensile Index
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Fig. 7   Properties of the produced paper sheets with OCC as secondary fiber source: a Elongation, b iSCT, c Burst Index, d Water 
absorptiveness Cobb60, e Tear Index
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produced after enzymatic (CNF-E) and acid hydrol-
ysis (CNF-A) increase Young’s modulus by 9% and 
18%, respectively, when added at a dosage of 7%. 
Comparing these results with those obtained for 
the pure CNFs sheets, it is found that the modulus 
of elasticity virtually doubles its value in the latter 
case. These differences are similar or slightly lower 
than those reported by other authors that used differ-
ent additives and secondary fibers sources for paper 
sheets production (Lee et  al. 2014; Keplinger et  al. 
2019).

On the other hand, as shown in Fig. 6d, only slight 
increases in the tensile index are observed when add-
ing to the paper sheets a dosage of 7% of CNF-E and 
CNF-A, while the addition of CNF-G does nothing to 
improve this parameter. In the case of pure nanocel-
lulose sheets, their tensile index doubles the value of 
those sheets prepared without CNFs. By comparing 
these values with, for example, the results reported 
by Balea et al. (Balea et al. 2018), who prepared and 
used nanofibers manufactured from triticale straw by 
a mechanical pretreatment, similar improvement rates 
have been obtained in the case of adding CNF-A from 
wheat straw.

The effect of adding nanofibers on paper elon-
gation was also assessed, as shown in Fig.  7a. This 
parameter measures the percentage increase in length 
that a paper sample, with specific dimensions, under-
goes before breaking, so this parameter is directly 
related to the elasticity of paper. No differences are 
observed with the addition of CNFs to the OCC pulp 
at dosages of 7%, whereas the elongation of pure 
CNFs sheets, especially those prepared with CNF-A, 
shows an apparent reduction in comparison with the 
paper sheets prepared without CNFs. This decrease 
indicates a major fragility of the material generated 
by the disintegration of the cellulose fibers down to 
nanometric sizes.

The compressive strength index (iSCT) of paper 
is an important property related to the resistance of 
cardboard boxes to stacking. Changes in this property 
of the sheets were also measured (Fig. 7b), this being 
one of the most improved properties with the addi-
tion of nanofibers obtained by acid and enzymatic 
methods but not for nanofibers fabricated by the ther-
mal treatment. More in detail, adding 7% of CNF-E 
increased the iSCT by 16%, while CNF-A improved 
it by up to 11%. Similar improvements were achieved 
by Balea et  al. (Balea et  al. 2018, 2019), who used 

different materials for CNFs manufacturing. These 
authors reported improvements in iSCT of up to 11 
and 17% with the addition of 2 and 3%, respectively, 
of CNFs manufactured from the corrugated paper 
by TEMPO (2,2,6,6-Tetramethylpiperidine 1-oxyl) 
pretreatment.

The burst index is another relevant property, espe-
cially for liner papers in corrugated cardboard, and 
its value is related to the value of the tensile index, 
as well as shear and flexural strength. The effects of 
CNFs on burst index were also measured, as shown 
in Fig. 7c, and the best results are obtained with the 
addition of CNF-E; nevertheless, the experimental 
results present a high dispersion, which is common in 
the analysis of this type of materials (Gonzalo et al. 
2017). In any case, the improvements achieved are up 
to 9% when adding acid and enzymatic nanofibers.

Concerning paper water absorptiveness, which is 
an important property in papers to be used in high 
moisture environments (i.e., fruit boxes), the Cobb60 
is a good indicator. Lower values of this parameter 
indicate better behavior of the paper at humidity 
conditions. Figure  7d shows that, again, nanofibers 
obtained after enzymatic and acid hydrolysis are the 
only ones that lead to greater improvements: CNF-E 
decreases the value of water absorptiveness (Cobb60) 
up to 14% and CNF-A up to 8%, while CNF-G 
increases it up to 9%.

Finally, variations in the tear index with the addi-
tion of nanofibers were also rated. The tear resist-
ance is due to fiber bonding and can be increased, for 
example, by beating the pulp. For this property, as can 
be seen in Fig. 7e, a high dispersion in the experimen-
tal results was obtained, so clear differences between 
the values obtained for all the paper sheets can hardly 
be observed. In any case, some studies in the litera-
ture point that intense refining of pulp together with 
the addition of short fibers may cause decreases in 
tearing (Nurul Husna Mohd Hassan 2014; Monga 
et al. 2017) so, in this sense, the tear index could be 
reduced by adding ultra-refined pulps, such as the 
straw-derivative produced in this work. In the same 
way, other authors, such as Balea et al. (2018) found 
an uncertain relationship between CNFs addition and 
its effect on tearing.

In summary, it can be concluded that the addi-
tion of the CNFs produced after the acid and enzy-
matic hydrolysis pretreatments (CNF-A and CNF-E) 
has improved most of the properties of the sheets: 
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paper’s tensile and compressive strength, burst index, 
and water absorptiveness (Cobb60). Nevertheless, 
the presence of these nanofibers also decreases the 
paper porosity. CNF-A and CNF-E suspensions have 
linearly upgraded paper properties with their addi-
tional dose, a trend also reflected in the decrease in 
the porosity of the sheet. In contrast, CNFs manu-
factured by thermal treatment with glycerol have 
only improved the modulus of elasticity of the paper 
sheets, so this can be considered an ineffective pre-
treatment in the conditions tested for the purpose of 
reinforcing recycled paper.

The contribution of CNFs to mechanical proper-
ties can be explained by two mechanisms (González 
et  al. 2013). On the one hand, the nanofibers act as 
promoters of the unions between the adjacent mac-
rofibers, favoring the fiber–fiber union and increas-
ing the bonded area. The second mechanism implies 
that the microfibers generate a network of microfib-
ers with unions between them, being located between 
the largest fibers, thus contributing to increasing the 
resistance of the paper, and decreasing the porosity 
(Salmi et al. 2009).

The CNF-G is the derivative that presents, accord-
ing to Kajaani, the average length most similar to that 
of the original fibers, with a lower content of fines 
and a higher content of macrofibers (as observed in 
the SEM). The treatment with glycerol at high tem-
perature facilitates the intensive refining of the fib-
ers, without reducing their length, resulting in a lower 
production yield of CNFs. This means that, when 
incorporated into the paper, it has less of a positive 
effect on properties such as the tensile index or the 
iSCT, noting that its incorporation modifies the Gur-
ley porosity very little, since it does not occlude the 
pores between the OCC fibers.

Regarding the other two materials, according to 
the analysis carried out with the Kajaani, CNF-A is 
the material with the lowest average fiber length, with 

a high percentage of fines, which can be associated 
with the highest CNFs production. In both materi-
als (CNF-A and CNF-E), the presence of nanofibers 
is clearly observed in the TEM photographs, as well 
as a homogeneous appearance in the SEM, with few 
large fibers, especially in the CNF-E.

Acid hydrolysis treatment has been more aggres-
sive than enzymatic hydrolysis. This can be seen in 
the value of the Young’s modulus of the handsheet 
made exclusively from CNF-A, which shows the 
highest value among the three derivatives produced. 
This high value indicates a higher stiffening, as can 
be seen in the low elongation value of the paper pro-
duced. This increase in rigidity is probably due to the 
removal of the amorphous part of the cellulose by the 
acid (Pääkkö et al. 2007).

Effect of secondary fiber quality and storage time on 
mechanical properties

As commented before, besides the experiments car-
ried out using 1.05.01 quality cardboard (OCC) as a 
source of secondary fibers, which also contained a 
percentage of high-quality kraftliner-type paper in its 
composition. Some additional experiments were done 
using a lower-quality raw material, specifically cor-
rugated paper made entirely of recovered paper (FP: 
fluting paper). The results of these tests are summa-
rized in Table 4. Besides the characterization of the 
paper handsheets produced with this source of sec-
ondary fibers and 5% of CNF-E, some of them were 
stored under controlled conditions of moisture and 
temperature (23 ± 1  °C and 50 ± 2% humidity) for 
30  days, repeating the analyses after this period of 
time in order to test the stability of the paper proper-
ties over time.

As shown in Table 4, all the measured properties 
are also improved when adding 5% of CNF-E to the 
fluting paper paste, except Gurley Air Permeance 

Table 4   Characterization results of the paper sheets produced using FP as secondary fibers source

Stor-
age time 
(months)

Gurley Air 
permeance 
(s/100 mL)

Young’s 
modulus 
(MPa)

Tensile 
index 
(kNm/kg)

Elongation (%) iSCT (kNm/
kg)

Burst index 
(kPa·m2/g)

Cobb60 (g/m2)

FP-0 0 46 ± 5 2500 ± 200 32.0 ± 0.8 1.9 ± 0.1 18.7 ± 0.8 1.7 ± 0.1 409 ± 59
FP-E-5 0 86 ± 5 3100 ± 200 40 ± 2 2.1 ± 0.1 23 ± 1 2.1 ± 0.1 358 ± 28
FP-E-5 1 – 3000 ± 100 39.2 ± 0.8 2.2 ± 0.1 22.1 ± 0.7 2.04 ± 0.06 -
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which increases its value, as expected. Regarding the 
possible deterioration of paper properties with storage 
time, no significant differences are observed in the 
results obtained just after preparing the handsheets 
and after 30 days of storage, so it seems that the prop-
erties improvement provided by nanocellulose to the 
FP secondary fibers stay for an extended period of 
time.

In order to compare the performance of CNFs 
addition when being incorporated into different 
sources of secondary fibers, Table 5 summarizes the 
percentage changes observed in the paper properties 
with the addition of CNF-E to OCC and FP pulp (cal-
culated with respect to the properties of papers pre-
pared without the incorporation of nanocellulose).

As shown in Table 5, higher improvement rates of 
the paper properties were obtained when adding the 
CNF-E to the fluting paper (FP) than when adding it 
to the paper coming from corrugated boxes (OCC). 
These better results are even observed when compar-
ing experimental results obtained with a lower dos-
age of CNF-E in the case of FP pulp (5% in FP vs. 
7% in OCC). Improvement rates of up to 25% have 
been found in some of the fluting paper properties 
(Young’s modulus and tensile strength) after adding 
5% of CNF-E.

Thus, since the CNFs applied were the same in 
both cases, the main difference was the quality of the 
secondary fibers used to produce handsheets. The 
properties of the papers produced exclusively from 
both types of raw materials, FP-0 and OCC-0, can be 
seen and compared in the first row of Tables S1 and 4. 
All the properties tested, except the Gurley air perme-
ance, are better for the paper produced using OCC. 
Specifically, Young’s modulus is 13% higher, Tensile 
strength 21% higher, Breaking length 19% higher, 
and water absorptiveness (Cobb60) 68% lower.

These results highlight that the effect of the addi-
tion of nanofibers on the paper properties could 

depend not only on the type of CNFs, but also to a 
great extent on the quality of the source of second-
ary fibers used, showing a greater impact when the 
quality of the support material is lower, and making 
the comparison of the results obtained by different 
authors more difficult. In any case, this issue must be 
confirmed in future work.

Conclusions

In this work, the production of straw-derivative with 
cellulose nanomaterial content (CNFs) from an agri-
cultural residue (wheat straw) and its use for improv-
ing the mechanical properties of two recycled paper 
sources have been studied. For that purpose, three 
CNFs manufacturing pretreatments were followed: 
enzymatic hydrolysis, acid hydrolysis and thermal 
treatment with glycerol, after which the CNFs sus-
pension was furtherly processed in a high-pressure 
homogenizer. Paper sheets were manufactured by: (i) 
adding these produced CNFs to secondary fibers at 
three dosages (3.5, 5 and 7 wt%), and (ii) using only 
these CNFs as raw material for the paper sheets prep-
aration. All these sheets were characterized. Thus, the 
main findings of the work are the following:

•	 Cellulose nanofibers were produced through the 
three pretreatments applied, as it was proved by 
the micrographs taken by SEM and TEM, as well 
as by the Kajaani fiber analysis. Cellulose nanofib-
ers with smaller diameters between 7 and 100 nm 
have been observed in all the straw-derivatives 
produced, although their contents in the final 
products have not been determined.

•	 The acid hydrolysis was the pretreatment that led 
to the greatest reduction of particle size, as this is 
a more aggressive process. At the same time, the 
thermal treatment with glycerol was the softest 

Table 5   Percentage changes in paper properties observed with the addition of CNF-E to both types of secondary fibers

Gurley air permeance
(%)

Young’s 
modulus
(%)

Tensile index
(%)

Elongation
(%)

iSCT
(%)

Cobb60
(%)

FP-E-5 86 24 24 21 20  − 12
OCC-E-3.5 78 12  − 2 1 2  − 4
OCC-E-7 163 9 8 9 16  − 14
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process, with a minor reduction of particles size, 
as it was clearly proved by the morphology fiber 
analysis. This decrease in the particle sizes has 
been directly related to the improvement of most 
of the mechanical properties tested.

•	 Nanofibers produced by acid and enzymatic 
hydrolysis were the most effective in improv-
ing tensile and compressive strength, burst index 
and water absorptiveness of the paper, show-
ing improvement rates between 8 and 16%. This 
type of CNFs also decreased paper porsity more 
severely.

•	 The mechanical properties of the pure CNFs 
sheets obtained were not especially high in com-
parison with those values reported in the literature 
for similar materials, so that the severity of the 
mechanical treatment could be increased in order 
to get higher improvement rates in these param-
eters, although the cost of the process would also 
be increased.

•	 The quality of the secondary fibers involved in 
paper manufacturing has significantly influenced 
the performance of the CNFs produced by enzy-
matic hydrolysis. Higher improvement rates (up 
to 25% for some properties) were obtained in the 
case of papers prepared with lower-quality sec-
ondary fibers.

•	 Good stability over time (after one month of stor-
age) has been observed for the mechanical proper-
ties of paper sheets prepared with enzymatic CNFs.
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