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Abstract In this work, three different lignocellu-

losic nanofibers (LCNF) were produced from

unbleached wheat straw soda pulp by using different

pre-treatments: mechanical, enzymatic, and TEMPO

[(2,2,6,6-tetramethylpiperidin-1-yl) oxy radical]-me-

diated oxidation processes. The different LCNF were

characterized and studied by their chemical composi-

tion (FTIR), crystal structure (XRD), thermal degra-

dation behaviour (TGA), morphological (TEM), and

their reinforcement effect on papermaking slurries.

The pre-treatment used to obtain LCNF showed

significant differences on the nanofibrillation yield

(37–95%), carboxyl content (74–362 lmol g-1),

cationic demand (428–1116 leq g-1), and on its

dimensions (7–14 nm), thermal stability, and struc-

ture. Regarding application as reinforcement on

papermaking slurries, LCNF obtained by TEMPO-

mediated oxidation produced a greater reinforcing

effect than the other LCNF. Nevertheless, the obtained

LCNF from mechanical process produce a similar

increase in the mechanical properties of the paper-

sheets due to its high length, compared with LCNF

obtained by TEMPO-mediated oxidation.

Keywords Wheat straw � TEMPO � Enzymatic �
Mechanical � Isolation � Characterization

Introduction

In the near future, bio-economy should become the

engine that drives the advancement of developed and

developing countries. To reach this objective, one of

the main vectors must be research into effectiveness

and efficiency of exploitation of natural resources,

with the ultimate objective to maximise their use

entirely and, therefore, generate the least possible

amount of residue. The lignocellulosic materials

constitute a very heterogeneous set of raw materials

in origin and composition (all sharing the prevalence

of lignin and cellulose as fundamental constituents),

subject to be fully exploited. In recent decades,

cellulosic fibers from lignocellulosic biomass have

been researched for application in multiple industry

sectors such as construction industry, paper and

cardboard industry, biomedicine, etc. (Lu et al. 2014;

Mohammadkazemi et al. 2009). Thus, to supply such

growing demand, it is necessary to research non-wood

cellulosic raw materials, such as fast-growing annual

plants and waste from agricultural activity (Vargas

et al. 2012; Feria et al. 2012).
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Cereal straw is an example of agricultural waste

susceptible for use. World cereal production in 2015

was close to 2530 million tons, 30% (736 million tons)

of which was wheat (FAO 2016). Considering that for

every 1 kg of grain, approximately 1 kg of residue in

the form of straw is generated (Rodrı́guez et al. 2010),

in 2015 736 million tons of wheat straw was produced,

which may be used for the production of cellulosic

fibers.

Cellulose nanofibers (CNF) offer a huge potential

in the design of new materials and properties. This is

due to the nanometric size of the fibers, which gives

them different properties than those present in their

original size. CNF obtained from the disintegration of

cellulosic pulps have long length and small diameter,

also presenting good stiffness values and the ability to

form networks through secondary bonds, including

hydrogen bonds (Benhamou et al. 2014).

The first CNFs were obtained by Turbak et al.

(1983), by submitting wood cellulose pulp suspension

to high shearing and impact forces, passing it through

a high pressure homogenizer several times getting a

cellulosic fiber suspension with 25–100 nm diameter.

The most effective method for the production of

CNF in the range of 3–10 nm was developed by Saito

et al. (2007). The method consists of a chemical pre-

treatment of the pulp (TEMPO-mediated oxidation)

causing an electrostatic repulsion due to the induction

of negative charges on the carboxylate groups at the

surface of the fibrils.

The enzymatic hydrolysis of cellulose has also been

used as pre-treatment prior to homogenization using

b-1,4-endoglucanases, which randomly hydrolyze

accessible intramolecular b-1,4-glucosidic bonds in

cellulose chains exposing the individual cellulose

polysaccharide chains (Henriksson et al. 2007; Pääkkö

et al. 2007). The production of CNF is also possible

through exclusive use of mechanical treatments, using

as pre-treatment a high mechanical beating to indi-

vidualize the fibers before homogenization (Yousefi

et al. 2011; Afra et al. 2013).

In the field of nanotechnology, the CNF effect on

conventional paper has been studied by many authors

(González et al. 2012; Delgado-Aguilar et al. 2014).

The addition of CNF as additive for paper improves

the permeability and tensile index of papers due to the

increment of the number of hydrogen bond fibril-fibers

(Kajanto and Kosonen 2012). The increase of paper

strength due to CNF addition can be compared with

strength improvement after a light refining (González

et al. 2012).

The addition of CNF to unrefined pulp produces

papersheets with higher tensile strength than standard

papersheets, allowing significant grammage reduction

and energy savings (refining processes) (Vallejos et al.

2016).

The morphology and properties of cellulose nanos-

tructures produced by the aforementioned treatments

are different. For this reason, it is necessary to study

the effect that different pre-treatments produce in the

production of CNF, to know the final physical and

chemical characteristics of nanofibers and optimize its

use and application (Yousefi et al. 2011). Using

cellulosic pulps obtained from wheat straw through

soda pulping process, as this process is the most

effective for LCNF isolation from wheat straw

(Sánchez et al. 2016), this work aims to analyse the

effect of the different pre-treatments (mechanical

process, TEMPO-mediated oxidation, and enzymatic

hydrolysis) on the production of cellulose nanofibers,

as well as the reinforcement effect on eucalyptus

bleached kraft paper strength.

Materials and methods

Raw materials

The raw material used in this work, wheat straw, was

provided by Ecopapel S.L. enterprise from Seville,

Spain. Regarding the raw material preparation and

chemical characterization, a previous work was con-

sidered (Espinosa et al. 2016). Bleached kraft hard-

wood pulp (BKHP) was used as a standard substrate

and was kindly supplied by Ence-Celulosas (Navia,

Spain).

Pulp and lignocellulosic nanofibers isolation

Delignification process

The delignification process of the wheat straw was

made using the same operational conditions [100 �C,
150 min, 7% soda (over dry matter), and liquid/solid

ratio of 10:1] as in a previous work (Espinosa et al.

2016). The characterization of the dried pulp was

determined using the following methods, beating

degree (TAPPI T-227), yield (gravimetric method),
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a-cellulose (T-9m54), lignin (T-203os61), holocellu-

lose (T-222), ash (T-211), ethanol extractable (T-204),

Kappa number (T-236cm85), and viscosity (T-

30om94).

TEMPO pre-treatment (TO-LCNF)

The procedure and reagent ratios used by Besbes et al.

(2011a) were applied for TEMPO-mediated oxidation

of cellulose fibers. A 10 ± 0.1 g sample of wheat soda

pulp was suspended in 500 mL distilled water con-

taining TEMPO (0.16 g) and NaBr (1 g). TEMPO-

mediated oxidation was started adding 12% NaClO

solution (5 mmol) with continuous stirring at room

temperature. The pH was maintained at 10 by adding

0.5 M NaOH using a pH stat until no NaOH

consumption was observed (reaction time & 2 h).

After the end of the oxidation reaction, 100 mL of

ethanol was added, and the oxidized fibers were

filtered and washed several times with distilled water.

After that, a 1% aqueous suspension of these oxidized

fibers was passed through a high pressure homoge-

nizer in order to avoid seals in the equipment.

Mechanical pre-treatment (Mec-LCNF)

The lignocellulosic nanofibers were obtained by

mechanical pre-treatment beating the wheat soda pulp

(28 �SR) in a PFI beater (Metrotec) according to ISO

5264-2:2002 until achieving a drainage rate of 90�SR.
Then, a 1% aqueous suspension was prepared and

passed through a high pressure homogenizer.

Enzymatic pre-treatment (Enz-LCNF)

An enzymatic pre-treatment (biobeating) was used

followed by a high pressure homogenization to obtain

LCNF. The enzymatic hydrolysis was performed

using the commercial enzyme cocktail Novozym

476, kindly provided by Novozymes A/S (Denmark),

which contains 2% endo-b-1,4-glucanases with an

activity factor of 4500 CNF-CA/g cellulose (tested

over a CMC substrate). The enzymatic reaction was

carried out for 3 h on 75 g of wheat soda pulp

suspended in a 1.5 L of pH 5 buffer at 50 �C, using a

0.83% enzyme dosage based on the dry weight of the

pulp. At the end of the reaction time, the suspension

was heated to 80 �C for 15 min in order to denature the

enzyme and stop the pre-treatment. The obtained

fibers were filtered and washed several times with

distilled water. Then, a 1% aqueous suspension was

prepared and passed through a high pressure

homogenizer.

High pressure homogenization

Once the pulp was brought under the different pre-

treatments, it was passed through a high pressure

homogenizer (PANDA GEA 2 K NIRO). The homog-

enization was realized following the sequence

described by Espinosa et al. (2016).

Papersheets production and characterization

Increasing amounts (0–5%, 1% increments) of ligno-

cellulose nanofibers (LCNF) from the different pre-

treatments were added and mixed on bleached kraft

hardwood pulp (BKHP) by means of a pulp disinte-

grator with the following operation conditions:

3000 rpm during 60 min and 1.5% consistency. This

methodology has been used in previous works and has

proved to be effective in improving the dispersion of

CNF in papermaking slurries (Alcalá et al. 2013;

González et al. 2013; Delgado-Aguilar et al. 2015).

After this step, a 1% solution of cationic starch (Vector

SC 20157) and colloidal silica (LUDOX� HS-40

colloidal silica) were added at 0.5 and 0.8% expressed

on dry BKHP, respectively. The application of these

retention agents was done at soft agitation of the

suspension at 1% consistency for 30 min. This step is

necessary in order to avoid LCNF loss during the

dewatering process because the equipment is not able

to retain nanometric material. The LCNF presents an

anionic charge; therefore, a cationic element is needed

to be used as microparticle retention system (Xu et al.

2013). Different types of retention agents have been

studied to analyze their effectiveness in the retention

of cellulose nanofibers. Taipale et al. (2010) investi-

gated the effect that different types of CNF have on the

drainage of kraft pulp and the strength of papers

produced, using cationic polychloride (poly-DAD-

MAC), cationic starch, and three different types of

polyacryladmides (C-PAM). The use of cationic

starch as retention agent has been used to retain

nanocrystalline cellulose (NCC) in the application in

deinked pulp (Xu et al. 2013). In that study, two

retention systems were investigated, cationic poly-

acrylamide (CPAM/NCC) and cationic starch (CS/
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NCC). These retention systems increased the retention

of NCC on pulp without affecting the drainage value in

papersheets. The use of these retention systems can

promote the occurrence of fiber flocs, thus affecting

the uniformity of the sheet and, therefore, the perfor-

mance of paper. To avoid this problem, colloidal silica

is used as deflocculant to prevent floc formation and

avoid problems during sheet formation. The nega-

tively charged particles of colloidal silica have a great

interaction with the positive surfaces of the fibers,

once the cationic starch is added and retain on the

fibers, and this interaction avoids the formation of fiber

flocs, making the distribution of fiber in the sheet

much better. The retention system used in this work

has been studied and widely used in literature (Alcalá

et al. 2013; Delgado-Aguilar et al. 2014; Espinosa

et al. 2016; Tarrés et al. 2016). Papersheets with LCNF

content (from 0 to 5% over dried material) were

fabricated in a sheet former (ENJO-F-39.71) accord-

ing to ISO standard 5269-2 and conditioned in a

weather chamber at 25 �C and 50% humidity for 48 h

before the mechanical test was performed.

Once conditioned, the basis weight, as well as their

physico-chemical characteristics were determined

following ISO standards (ISO 536, 1924-1, 1924-2,

1974, and 2758).

Characterization

Yield of nanofibrillated cellulose

The LCNF suspension was centrifuged in order to

separate the unfibrillated part from the partially

fibrillated materials. The protocol was carried out as

described in the bibliography (Besbes et al. 2011a): A

0.1 wt% solid content suspension (Sc) was centrifuged

at 4500 rpm for 30 min to separate the nanofibrillated

material (in the supernatant fraction) from the non-

fibrillated or partially fibrillated fractions, which

settled out. The sediments were dried to a constant

weight at 100 �C. The yield was calculated from the

next equation:

Yield% ¼ 1� Weight of dried sediments

Weight of diluted sample �%SCð Þ

� �

� 100
ð1Þ

Optical transmittance

The optical transmittance is an indirect indicator of the

nanofibrillation yield (Delgado-Aguilar et al. 2016;

Meng et al. 2016). The LCNF suspensions were

introduced into a quartz cuvette, and the transmittance

was measured from 400 to 800 nm using a Lambda 25

UV-Spectrometer. The spectrum of a cuvette filled

with distilled water was used as the reference.

Carboxyl content

The carboxyl content (CC) of the different LCNF was

determined using conductometric titration, as

described in Besbes et al. (2011a). The LCNF samples

(15 mg dried weight) were suspended into 15 mL of

0.01 M HCl solution. After stirring for 30 min, the

suspension was titrated with 0.05 M NaOH. The

titration curves showed three characteristics regions

with two intersection points (V1 and V2) corresponding

the first regions to the excess of HCl, the second

corresponds to the volume of NaOH required to

neutralize the weak acidic (carboxylic) groups, and the

third region corresponds to the NaOH excess. The

volume of NaOH (L) used in the second region is used

to determine the carboxyl content of the fibers.

CC ¼ 162 V2 � V1ð Þ � c
w� 36 V2 � V1ð Þ � c ð2Þ

where c is the concentration of the sodium hydroxide

(mol L-1) solution and w is the oven-dry weight of

cellulose (g). The results indicate the average mmols

of –COOH groups per gram of LCNF.

Cationic demand

The cationic demand was determined by means of a

Mütek PCD 05 particle charge detector, following the

methodology described by Espinosa et al. (2016)

through the next equation:

CD ¼
CPoly�D � VPoly�D

� �
� VPes�Na � CPes�Nað Þ
w

ð3Þ

where CD is the cationic demand (leq g-1),CPoly-D =

cationic polymer concentration (1 meq L-1), CPes-

Na = anionic polymer concentration (1 meq L-1),
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VPoly-D = used volume of cationic polymer and VPes-

Na = used volume of anionic polymer and w = sam-

ple’s dry weight.

Degree of polymerization

The degree of polymerization of cellulose chains

forming pulp and LCNF can be estimated from the

average intrinsic viscosity value (Tanaka et al. 2014).

For cellulose, the intrinsic viscosity (gs in mL g-1) is

related to the degree of polymerization (DP) and

empirical relationship is suggested following the next

equations (Marx-Figini 1987):

DP \950ð Þ DP ¼ gs
0:42

h i
ð4Þ

DP [ 950ð Þ DP0:76 ¼ gs
2:28

h i
ð5Þ

The analyses were performed dissolving pulp and

LCNF in cupriethylendiamine (1 N) as the solvent.

For each sample, three measurements of the efflux

time at the same concentration have been realized to

determine the intrinsic viscosity at 25 ± 0.1 �C.

Specific surface and diameter estimation

Several authors explain two possible mechanisms that

could be involved in the interaction between CNF and

poly-DADMAC (Rouger and Mutjé 1984; Carrasco

et al. 1998), (1) ionic interaction between the cationic

polymer and the carboxylic groups on the cellulose

surface and (2) surface interactions due to London-

Van der Waals forces. Both mechanisms could be

assumed to occur at the same time forming poly-

DADMAC in a single layer. In this case, by estimating

the specific surface area of a single poly-DADMAC

molecule, it is possible to calculate theoretically the

specific surface of LCNF, and finally, considering a

cylindrical geometry for LCNF, it is possible to

calculate their average diameter.

Field emission scanning electron microscopy (FE-

SEM)

In order to corroborate the accuracy of the diameter

calculation, nanopapers from the different LCNF were

prepared by casting and observed through FE-SEM.

Nanopaper was fixed to the substrate with double-

sided tape and metalize with a 10 nm gold layer before

observation. The size and morphology of the coated

nanofibers were examined by field emission scanning

electron microscopy (FE-SEM) in a S-4700 micro-

scope (Hitachi, Japan).

FTIR analysis

The effect of the pre-treatments on chemistry structure

of LCNF was examined by FTIR. Infrared spectra

were obtained on a FTIR-ATR Perkin-Elmer Spec-

trum Two collecting 20 scans from 450 to 4000 cm-1

with a resolution of 4 cm-1. Analysis was performed

on pulp dried in an air oven at 60 �C for 24 h and NFC

films prepared by heat-drying of LCNF suspensions.

Thermogravimetric analysis (TGA)

The thermal stability of the pulp and the different

samples of LCNF were determined by TGA measure-

ments performed using a Mettler Toledo Thermo-

gravimetric analyser (TGA/DSC 1). The amount of

sample used for each measurement was

10.0 ± 1.0 mg. All measurements were performed

under nitrogen atmosphere with a nitrogen gas flow of

50 mL min-1 by heating the samples from room

temperature to 900 �C at a heating rate of

10 �C min-1.

X-ray diffraction (XRD)

The XRD Spectra for soda pulp and the different

LCNF were collected on a Bruker D8 Discover with a

monochromatic source Cu Ka1. The LCNF were

freeze-dried and compressed into flat sheets with the

thickness of around 1 mm before measurement.

Diffractograms were recorder over an angular range

of 7�–50� at a scan of 1�/38.4 s. The crystallinity index

(CI) was calculated from the intensity of the 2 0 0 peak

(I200 2h = 22�) and the intensity minimum (Iam
between the peaks at 2 0 0 and 1 1 0 (I100 2h = 15�)
by using the empirical equation (Segal et al. 1959):

CI ¼ I200 � Iam

I200
� 100 ð6Þ
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Results and discussion

Wheat straw fibers

Table 1 shows the results obtained from the chemical

characterization of wheat straw compared with other

raw materials used in obtaining LCNF found in the

literature.

The comparison of raw materials underscores that

wheat straw could be used for the production of LCNF,

such as the other raw materials, due to the high a-
cellulose and hemicellulose content that it has. More-

over, the lower lignin content of wheat straw com-

pared to the rest, facilitates the efficient production of

LCNF by the three processes mentioned (TEMPO-

mediated oxidation, mechanical process, and enzy-

matic hydrolysis). In general, for a TEMPO-mediated

oxidation, a low lignin content allows the use of

oxidative power in the oxidation of cellulose instead of

in the oxidation of lignin. In the mechanical process,

the effectiveness of mechanical beating increases

because during the beating the fiber swelling is

reduced by the presence of lignin for its hydrophobic

character which harm the water absorption of the

fibers. Last, in the enzymatic hydrolysis, high lignin

content avoids the unfolding of cellulose chains

hindering the enzyme accessibility.

After the pulping process the content of a-cellulose
in pulp increases (from 39.7 to 59.20%) and the lignin

and ash content decreases (from 17.7 and 7.72% to

13.31 and 2.47%, respectively). As for the hemicel-

lulose content, a slight decrease occurs (from 30.6 to

25.71%), despite this, a higher content remains

compared with other pulp used in LCNF production,

such as Cladophora glomerata (15.3%) and those

obtained from bark residue (15.3%) (Nair and Yan

2015; Xiang et al. 2016).

The hemicellulose content plays a key factor in the

nanofibrillation because hemicelluloses act as inhibi-

tors of the coalescence of microfibrils and facilitate the

nanofibrillation (Iwamoto et al. 2008). The polymer-

ization degree obtained (1630) indicates a high fiber

length.

Characterization and morphology of CNF

The nanofibers obtained by TEMPO-mediated oxida-

tion have a higher nanofibrillation yield that the ones

obtained by mechanical process and enzymatic

hydrolysis (Table 2).

The light transmittance is wavelength-dependent

and it is related to nanofiber size due to the Rayleigh

scattering effect (Meng et al. 2016). The light

scattering, therefore, depends on the size of the

dispersed nanofibrils, so if the LCNF presents a bigger

size, it scatters more light, resulting in a lower

transparency degree (Besbes et al. 2011b). Then, this

parameter can be used as an indirect indicator of

nanofibrillation yield of LCNF suspensions due to

lower nanofibrillation yield result in a high light

scattering compared with those suspensions which

have a high nanofibrillation yield causing a lower light

scattering. The carboxylate groups amount also affects

the stability and transparency of nanocellulose sus-

pension as a result by the electrostatic repulsion

among the nanofibrils (Meng et al. 2016). Due to the

synergy of these parameters, TO-LCNF presents the

highest value followed by those obtained by a

mechanical process and last, those obtained by

enzymatic hydrolysis.

The cationic demand is calculated for the absorp-

tion of a cationic polymer (poly-DADMAC) onto the

LCNF surface. The cationic demand is related to two

parameters, (1) the specific surface of the fiber and (2)

Table 1 Raw material characterization

Ash (%) a-cellulose (%) Hemicellulose (%) Lignin (%) References

Wheat straw 7.72 39.7 30.6 17.7

Cotton stalks 1.8 40.1 25.7 30.9 Soni et al. (2015)

Eucalyptus sawdust 0.59 41.8 10.7 32.3 Vallejos et al. (2016)

Rapeseed straw 6.5 44 31 21 Chacker et al. (2014)

Rice straw 19 41 31 24 Chacker et al. (2014)

Corn straw 7.5 40.8 34 22 Chacker et al. (2014)
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the number of carboxyl groups, so an increase in this

demand is associated with an increase in the specific

surface of the fiber or an increase in the carboxyl

groups content.

Because TEMPO-mediated oxidation produces

nanofibers with a very small diameter and presents a

higher carboxyl content (Besbes et al. 2011a;González

et al. 2014; Delgado-Aguilar et al. 2015), the cationic

demand is much higher than the nanofibers obtained by

other processes, since it is close to 1200 leq g-1,

similar to the values described in literature (González

et al. 2014). Regarding the carboxyl content, the Mec-

LCNF and Enz-LCNF have a value of 74.4 leq g-1.

However, nanofibers obtained by TEMPO-mediated

oxidation have a higher carboxyl content because of

oxidation augment the amount of carboxylate groups

on the surface of the fiber (Benhamou et al. 2014;

Besbes et al. 2011b; Saito and Isogai 2004).

Regarding diameter, smaller diameter nanofibers

are obtained using TEMPO-mediated oxidation as pre-

treatment compared to mechanical and enzymatic pre-

treatments. Nevertheless, the oxidation results in fiber

degradation as indicated by the values obtained for the

degree of polymerization, since this is highest in the

nanofibers obtained by mechanical process where less

fiber degradation occurs compared to chemical and

enzymatic pre-treatment.

Figure 1 shows nanometric size for the different

LCNF, presenting similar diameter in Enz-LCNF and

Mec-LCNF, and a smaller diameter in those nanofi-

bers obtained by TEMPO-mediated oxidation (TO-

LCNF), adjusting to the results obtained by the

theoretical estimate.

Fourier transform-infrared spectroscopy (FTIR)

analysis

Figure 2 shows the FTIR spectrum for wheat straw

soda pulp and the different cellulose nanofibers. The

spectral bands at 3300 and 2845 cm-1 correspond to

O–H and C–H stretching vibration of CH2–OH groups

of cellulose structure (Moran et al. 2008). Despite

analysing the dried samples, the peak detected at

1743 cm-1 in Enz-LCNF corresponds to O–H bend-

ing of absorbed water during the test (Tian et al. 2016).

TEMPO-mediated oxidation converts selectively the

C6 primary hydroxyls of cellulose into C6 sodium

carboxylate groups, for this reason, the peak at

1604 cm-1, assigned to C=O stretching in carboxyl

groups, is more prominent in TO-LCNF (Jiang and

Hsieh 2013). This is corroborated by the higher

carboxyl content present in TO-LCNF compared to

the rest of LCNF. The peak at 1510 cm-1 correspond

to aromatic ring vibrations related with the lignin

content in soda pulp, Mec-LCNF, and Enz-LCNF, but

it is not present in TO-LCNF due to lignin oxidation

during the pre-treatment and, therefore, fiber bleach-

ing (Ibrahim et al. 2013). The peaks at 1370, 1162, and

1110 cm-1 correspond to C-H vibrations, glycosidic

bonds (C–O–C) and C–OH, respectively (Xiang et al.

2016). The intense peak at 1600 cm-1 is due to C–C

stretching related with the cellulose structure (Moran

et al. 2008).

X-ray diffraction analysis

The crystalline structure of cellulose is well studied

using the XRD patterns. Two characteristic peaks are

present in all the patterns at around 22� and 15� 2h
angles, attributed to the diffraction planes of (101) and

(002), which commonly represent typical cellulose I

crystal form (Bettaieb et al. 2015). The ordered

crystalline arrangements in the celluloses appears

due to the formation of inter- and intramolecular

H-bonding by the hydroxyl groups (Chirayil et al.

2014). The H-bonding restricts the free movement of

the cellulosic chains, and the chains align close

together in an orderly manner, which tends to have

Table 2 LCNF Characterization

LCNF Yield

(%)

Transmittance

(%)

Cationic demand

(leq g-1)

Carboxyl content

(lmols g-1)

Specific surface

(m2 g-1)

Diameter

(nm)

Degree of

polymerization

(DP)

TO-LCNF [95 \90 1116 362.4 367.01 6.81 502

Mec-LCNF 55.6 \75 441 \74.4 178.53 14.01 1395

Enz-LCNF 37.45 \40 428 \74.4 172.20 14.52 931
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the crystallinity. Unlike in nanocrystalline cellulose,

where the amorphous regions have been destroyed, the

crystalline domains in the lignocellulose nanofibers

are embedded in the matrix of amorphous components

such as hemicellulose, lignin, and pectin, thus a low

crystallinity is shown. Figure 3 shows XRD patterns

of soda pulp and the different LCNF, which was used

to evaluate the effect of pre-treatment on crystallinity.

Soda pulp presents a low crystallinity associated with

the presence of amorphous components such as

hemicellulose, lignin, and pectin (Chandra et al.

2016). This value is lower in unbleached pulps

compared to bleached pulps due to the removal of

lignin. Compared to the original fibers (soda pulp), the

LCNF samples present lower values of CI due to the

pre-treatment and to high pressure homogenization.

Each pre-treatment has a different effect on the

cellulose crystalline domains. The decrease in the CI

of TEMPO-oxidized cellulose could be explained by

the fact that almost all carboxyl groups formed by the

oxidation are present on the surfaces of crystalline

cellulose microfibrils (Tanaka et al. 2012) and by the

sodium glucuronosyl units that lead to convert some

crystalline regions of cellulose into disordered struc-

tures during the oxidation reaction (Puangsin et al.

2013). In the case of Mec-LCNF, a depth beating

produces that the crystalline index of the samples

decreased due to a high beating intensify the forces

action on crystalline regions of cellulose, resulting in a

higher disordering of these regions.

In the case of Enz-LCNF, a slight decrease in the

CI is observed, associated with the shear forces

which they are subjected to during the homogeniza-

tion process (Iwamoto et al. 2007). Despite all

LCNF suffer the effect of high pressure homoge-

nization process, those obtained from mechanical

process have a higher mechanical beating as pre-

treatment resulting in a higher disordering of

crystalline regions than those obtained from enzy-

matic hydrolysis.

Fig. 1 Nanopapers FE-SEM microphotography: a Enz-LCNF, b Mec-LCNF, and c TO-LCNF
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Thermogravimetric analysis

The thermal stability and degradation behaviour of

LCNF is an important parameter for the application in

biocomposite processing (Abdul Khalil et al. 2012).

The TGA weight loss curve and the derivative of the

weight loss curve with temperature (dm/dT) were

analysed to obtain results of thermogravimetric anal-

ysis of soda pulp, TO-LCNF, Mec-LCNF, and Enz-

LCNF as shown in Fig. 4. A slight weight loss is

observed in the range of 30 to 200 �C in all TGA

weight loss curves due to evaporation of absorbed and

intermolecular H-bonded water. In the 250–400 �C
range the greatest weight loss occurs in all the samples

due to the breaking of glycosidic bonds, pyrolysis

reactions of polysaccharides, dehydratation, and

Fig. 2 FTIR Spectrum of Mec-LCNF, soda pulp, Enz-LCNF, and TO-LCNF

Fig. 3 XRD patterns of soda pulp, Mec-LCNF, Enz-LCNF,

and TO-LCNF
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depolymerisation, with production of low molecular

weight compounds and formation of charred residue to

occur under nitrogen atmosphere (Tian et al. 2016).

As described in the literature, the thermal stability

of LCNF is lowest compared to larger size cellulosic

fibers (Quiévy et al. 2010; Nair and Yan 2015). When

LCNF are exposed to heat, due to its higher specific

surface begin to discompose faster than those with a

lower specific surface and higher diameter (Tian et al.

2016). The Tmax values of samples refers to the

maximum value of the derivate weight loss denoting

the temperature at which the degradation rate is

fastest, are 345, 263, 307, and 309 �C for soda pulp,

TO-LCNF, Mec-LCNF, and Enz-LCNF, respectively.

It is noted that TO-LCNF, which has a considerably

smaller diameter than other LCNF, reaches the

maximum value of degradation at lower temperature

than the other LCNF, followed by Mec-LCNF and

finally Enz-LCNF. As Table 2 shows, the order

regarding temperature where the maximum degrada-

tion values are reached, are in agreement with the

order from smallest to largest size diameter obtained

for the different LCNF. On the other hand, the

crystallinity of the fiber affects their thermal stability,

so it relates that those presenting higher CI as LCNF

obtained by mechanical process and enzymatic

hydrolysis show a higher thermal stability that those

that present low CI such as those obtained from

TEMPO-mediated oxidation. The worse thermal sta-

bility of TO-LCNF could be also explained that

because of their higher carboxyl content, they present

a larger number of free ends, thus affecting the thermal

stability of the nanofibers (Sharma and Varma 2014).

Reinforcement effect on papermaking slurries

With a larger specific surface and a higher charge

density, the ability of the fiber to form bonds with

other fibers is higher, thereby increasing the strength

of papersheets. Because of this feature, LCNF are

perfect candidates to be used as reinforcement in

papermaking slurries as a replacement step for

mechanical beating. It is unclear what effect the

cationic starch has on the mechanical properties of the

papersheets when it is added as retention agent. To

determine this effect, the effect of the retention system

(a) (b)

(c) (d)

Fig. 4 TGA and DTG curves of a soda pulp, b TO-LCNF, c Mec-LCNF, and d Enz-LCNF
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without LCNF addition was studied, and it showed

that the mechanical properties increase reaching a

maximum value of 18–20%. Determining that most of

the reinforcement effect is produced by adding LCNF.

The strengthening contribution of LCNF to paper-

sheets properties may be explained through two

possible mechanisms; in the first one, LCNF act as

an adhesion promoter by bridging adjacent fibers and

favouring the fiber–fiber bonding, increasing the

bonded area; in the second one, LCNF may generate

a different network embedded among larger fibers that

contributes to boost the load-bearing capacity of the

paper (Boufi et al. 2016).

To check the viability of the usage of wheat straw

LCNF as a reinforcement agent in papermaking

slurries, the evolution of physical properties of the

papersheets was studied by adding them on bleached

kraft hardwood pulp (Fig. 5).

As expected, the addition of LCNF increased the

strength properties of papersheets, but it was shown

that the isolation conditions of the LCNF samples have

much influence in its application as reinforcement, due

to their differences in size and surface charge. The

breaking length, tear index, and burst index were all

improved with the addition of LCNF.

The largest increase in the different physical

properties is produced by the addition of TO-LCNF

due to its higher specific surface, increasing the

relative bonded area and improving the physical

properties of papersheets. Regarding the reinforce-

ment effect of the LCNF, from a content of 3% LCNF

(except for Mec-LCNF) an asymptotic value is

reached where a further increase is not achieved for

the physical properties values. This effect is due to this

relative bonded area and cannot be further increased at

a certain point, which leads to a stagnation of the

physical properties improvement (Tarrés et al. 2016).

Although TO-LCNF produces a greater increase,

the Mec-LCNF, despite its larger diameter, has a

higher length as is observed in the values obtained for

degree of polymerization (Table 2). This higher length

promotes a better crosslinking with the rest of the

fibers, thereby improving the physical properties of

papersheets in similar values to those obtained by the

addition of TO-LCNF. However, LCNF produced by

enzymatic pre-treatment present a similar diameter to

those obtained mechanically, but with a significantly

smaller length. Because of these parameters, the

improvement in physical properties of papersheets

does not reach high values compared with the other

LCNF used in this work.

The drainage properties of the papermaking slurries

are of key importance in the papermaking processes,

because if the drainage is too slow, the retention time

of the papermaking slurries during the dewatering

process in increased, thus affecting the capacity of

production. The large specific surface of the LCNF

and, therefore, the high amount of hydroxyl groups on

nanofiber’s surface, bind water increasing the reten-

tion values, causes the viscosity of the fibrous

suspensions to increase and reduces the drainage rate,

despite the low added amounts of LCNF. The fact that

0
500

1000
1500
2000
2500
3000
3500
4000
4500

0% 1% 2% 3% 4% 5%

Br
ea

ki
ng

 L
en

gt
h 

(m
)

% LCNF

Breaking Length (m)

Mec-LCNF Enz-LCNF TO-LCNF

0
0.5
1

1.5
2

2.5
3

3.5
4

0% 1% 2% 3% 4% 5%
Te

ar
 In

de
x 

(m
N

·m
2 /

g)
% LCNF

Tear Index (mN·m2/g)

Mec-LCNF Enz-LCNF TO-LCNF

0

0.5

1

1.5

2

2.5

3

0% 1% 2% 3% 4% 5%

Bu
rs

t I
nd

ex
 (K

pa
·m

2 /
g)

% LCNF

Burst Index (Kpa·m2/g)

Mec-LCNF Enz-LCNF TO-LCNF

Fig. 5 Evolution of the mechanical properties of BKHP with

different amounts of LCNF

Cellulose (2017) 24:2605–2618 2615

123



the addition of LCNF on papermaking slurries

increased Schopper Riegler Degree (�SR) has been

reported previously by several works (Delgado-

Aguilar et al. 2016; Vallejos et al. 2016).

The drainage properties evolution of BKHP paper-

making slurries reinforced with ascending amounts of

the different LNFC are shown in Fig. 6. The graph

shows how the increase in the Schopper Riegler

Degree (�SR) produced by the Mec-LCNF and Enz-

LCNF is less than the increase produced by TO-

LCNF. This phenomenon is due to the higher charge

density and carboxyl content, which produce a greater

water binding to the fiber compared to those that

present a lower charge density and carboxyl content.

Therefore, the use of Mec-LCNF as reinforcement

agent produces similar values of reinforcement, and in

turn, produces a lower increase in the �SR, damaging

to a lesser extent the papermaking process compared

to TO-LCNF.

In view of the results, it can be concluded that TO-

LCNF have the greatest reinforcement capacity of the

three LCNF studied. Nevertheless, if the cost of

obtaining the different LCNF is considered, the TO-

LCNF have an estimated cost of 206€/kg (Delgado-

Aguilar et al. 2015), due to the high price of reagents

used in the oxidation process, mainly TEMPO cata-

lyst, because even nowadays, no successful method-

ology has been reported to recover the TEMPO

catalyst at an industrial scale. By contrast, Enz-LCNF

needs a lower investment to be produced, 13.71€/kg
(Delgado-Aguilar et al. 2015), but the process requires

greater control (pH and temperature) to promote a

proper operation for the pre-treatment. In this case, the

buffering agents represent a great part of the final cost

to obtain this type of LCNF. Finally, for those LCNF

obtained by mechanical pre-treatment a final cost of

2.55€/kg is needed (Espinosa et al. 2016), almost 100

times less than for those obtained by TEMPO-

mediated oxidation and five times less than those

obtained by enzymatic hydrolysis. The costs to obtain

LCNF by enzymatic hydrolysis and mechanical pre-

treatment are much lower, so these types of LCNF are

presented as an economically viable alternative for use

as reinforcement on papermaking slurries, especially

Mec-LCNF, which despite its low cost with a 5%

LCNF content, reaches a reinforcement effect just

5.7% lower than the achieved with TO-LCNF. Its high

specific surface and his great length facilitate the

crosslinking of nanofibers with the other fibers during

the papersheets formation allowing an increase similar

to that obtained by TO-LCNF despite its larger

diameter.

Therefore, Mec-LCNF are good candidates for use

as industrial-scale reinforcement to improve physical

properties of papersheets due to their low cost and

simple production process. This technology would be

particularly relevant as a substitute for mechanical

beating in the recycling process of paper and card-

board, because the traditional refining process

involves, generally, a loss of physical–mechanical

fiber properties due to the physical modification that it

produces, so if this modification is avoided, the

number of recycling cycles that the original fibers

can endure increases.

Conclusions

Wheat straw soda pulp was used to isolated lignocel-

lulose nanofibers (LCNF) using mechanical, enzy-

matic, and chemical pre-treatments followed by high

pressure homogenization. The lignonanofibers char-

acterization indicates that the lignonanofibers

obtained by TEMPO-mediated oxidation, presents

smaller diameter, but shorter lengths due to the

degradation during the oxidation process than those

values obtained in mechanical and enzymatic ligno-

nanofibers. FE-SEM images were used to assure the

nanometric size of the fibers. The FTIR spectrum

reveals the increase in carboxyl content caused by

TEMPO-oxidation. The XRD patterns of the different

samples shows the decrease in the crystallinity index

by the different pre-treatments, resulting a higher

crystallinity index in the mechanical and enzymatic
Fig. 6 Drainage properties evolution of papermaking slurries

by adding different amounts LCNF
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lignonanofibers. In addition, the lignonanofibers with

a high crystallinity index present a higher thermal

stability. The application of the LCNF as reinforce-

ment agent on papermaking shows that, due to its high

specific surface and the ability to form bonds with

other fibers, increase the mechanical properties of the

papersheets. This is stressed in TO-LCNF and Mec-

LCNF, since the latter is cheaper than TO-LCNF to

obtain similar values of reinforcement. This work

provides a way to generate lignocellulose nanofibers

from wheat straw soda pulp, using different pre-

treatments and its effective application as papermak-

ing reinforcement.
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Alcalá M, González I, Boufi S, Vilaseca F, Mutjé P (2013) All-
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MA, Mutjé P (2015) Approaching a low-cost production of

cellulose nanofibers for papermaking applications.

BioResources 10(3):5345–5355
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Suitability of rapeseed chemithermomechanical pulp as

raw material in papermaking. BioResources

8(2):1697–1708
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