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Abstract There is a recent interest in producing

cellulose nanofibers with different surface properties

from unbleached cellulose pulps for economic and

environmental reasons. In the current study we

investigated the use of xylanase pretreatment on two

types of unbleached rice straw pulps, namely, soda and

neutral sulfite, and their fibrillation to nanofibers using

ultrafine grinding. The effect of xylanase pretreatment

on the fibrillation progress, energy consumption, and

nanofiber dimensions was studied. In addition,

mechanical properties, water contact angle, water

absorption, and roughness of produced nanopapers

were studied. Although very thin nanofibers with a

homogenous width could be isolated from both

xylanase-treated and untreated pulps, the xylanase

pretreatment resulted in faster fibrillation. In addition,

nanopapers prepared from xylanase-treated nanofibers

had better mechanical properties than those isolated

from the untreated pulps. The energy consumption

during fibrillation depended on the type of pulp; a

slightly lower energy consumption (* 8%) was

recorded for xylanase-treated soda pulp while a higher

energy consumption (* 21%) was recorded for

xylanase-treated neutral sulfite pulp compared to the

untreated pulps.
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Introduction

Research on isolating cellulose nanofibers from

different lignocellulosic materials started approxi-

mately two decades ago. The starting materials for

isolating nanofibers have generally been bleached

cellulose pulps. In addition to saving costs and

reducing pollution resulting from the bleaching pro-

cesses, recently, research on isolating cellulose

nanofibers from unbleached cellulose pulp, i.e., pulps

containing lignin, has started to attract the attention of

scientists interested in obtaining cellulose nanofibers

with different properties due to the presence of lignin

at the surface of and within the nanofibers. Different

types of unbleached pulps have been investigated for

cellulose nanofibers isolation such as chemical,

chemi-mechanical, thermomechanical, and mechani-

cal pulps of different lignocellulosic materials. Cellu-

lose nanofibers with different physical and mechanical

properties were obtained using different technologies,

lignocellulosic materials, and pulping methods.

Chemical pulps generally contain a lower amount of

lignin than mechanical, thermomechanical, and

chemi-mechanical pulps. Hardwood kraft pulp

(Spence et al. 2010), P. Radiate kraft pulp (Chinga-

Carrasco et al. 2013), kenaf soda and kraft pulps

(Rezayati Charani et al. 2013; Karimi et al. 2014),

softwood kraft pulp (Lahtinen et al. 2014), bamboo

soda-anthraquinone pulp (Guimaraes et al. 2015), and

bagasse organosolv pulp (Santucci et al. 2016) are

chemical pulps that have been investigated for the

isolation of cellulose nanofibers. Moreover, spruce

thermomechanical and chemi-thermomechanical

pulps (Lahtinen et al. 2014), lodgepole pine wood

bark fibers (Nair and Yan 2015), and groundwood pulp

(Visanko et al. 2017) have also been investigated for

the isolation of cellulose nanofibers. The nanofibers

isolated from chemical pulps had higher yields and

superior mechanical properties compared to those

obtained from other types of pulps due to easier

fibrillation and more hydrogen bonding between the

nanofibers isolated from chemical pulps.

Different chemical pretreatments have been inves-

tigated to facilitate the fibrillation process of

unbleached pulps, especially those with high lignin

content. For example, chemical treatment of spruce

groundwood pulp with triethylmethylammonium

chloride/imidazole/succinic anhydride (Sirviö and

Visanko 2017), oxidation of hardwood kraft pulp by

TEMPO/NaOCl (Du et al. 2017), maleic acid hydrol-

ysis of hardwood kraft pulp (Bian et al. 2017a, c), and

p-toluenesulfonic acid treatment of birch wood ther-

momechanical pulp (Bian et al. 2017b) have been

studied.

Although the chemical treatment of pulps generally

resulted in lowering the energy consumption during

fibrillation as compared to the untreated ones, the cost

of the entire process regarding cost of chemicals and

their recovery, energy and time consumed in chemical

treatment, and purification of treated pulps should be

taken in consideration.

The use of enzymatic pretreatment to facilitate

fibrillation and/or improve the properties of nanofibers

has been investigated but mainly on bleached pulps
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(Nechyporchuk and Belgacem 2016). Enzymatic pre-

treatment is an interesting route since enzymes have

specific action on the fibers and also more environ-

mentally friendly than chemical routes. Two types of

enzymes have been used so far for pretreatment of

bleached pulps: xylanases (Hassan et al. 2011, 2014;

Dhandapani and Sharma 2014; Tian et al. 2017;

Tibolla et al. 2017), and cellulases (Henriksson et al.

2007; Siqueira et al. 2011; Janardhnan and Sain 2011;

de Campos et al. 2013; Arvidsson et al. 2015; Wang

et al. 2015; Kim et al. 2015; Ahn et al. 2015; Martelli-

Tosi et al. 2016; Wang et al. 2016; Kim et al. 2017;

Zhu et al. 2017; Chen et al. 2017; Tarrés et al. 2017).

Cellulases hydrolyze some of the disordered cellulose

parts and reduce the degree of polymerization (DP) of

cellulose while xylanases partially remove some of

hemicelluloses between the fibrils and break the bonds

between hemicelluloses and cellulose or lignin.

Enzymatic pretreatment of unbleached pulp for isola-

tion of cellulose nanofibers is rarely mentioned in the

literature. Recently, the effect of xylanases pretreat-

ment of unbleached eucalyptus soda/anthraquinone

pulp (5% lignin) on the mechanical, rheological,

optical, and dispersion properties of the isolated

nanofibers was studied (Nie et al. 2018). Xylanases

pretreatment resulted in nanofibers with higher tensile

strength, better dispersion in water, higher viscosity,

and higher transparency films compared to using

untreated pulp.

Rice straw is an abundant agricultural residue in

different areas of the world. Its main chemical

composition (cellulose, lignin, and hemicelluloses) is

close to many hardwoods and agricultural residues

(Hassan 2015). However, rice straw contains a con-

siderable amount of silica (up to * 20%), which

makes its alkaline pulping not desirable due to silica

dissolving in the pulping liquor (black liquor). Thus,

the concentration of the black liquor for the recovery

of excess alkali or energy production is a challenge

since the liquor requires further treatments before use.

Nevertheless, rice straw alkali pulp has generally low

lignin content and could be bleached easily to produce

pulps for different types of paper. Using other neutral

pulping processes could be more suitable alternatives

for the alkaline pulping of rice straw. Neutral sulfite

pulping is a convenient method to obtain high-yield

pulp (* 90%) with high lignin content and little effect

on hemicelluloses. The sulfite process causes a slight

modification of lignin structure without significant

lignin removal, moreover the pulp obtained is gener-

ally suitable for paperboard production (Casey 1980).

Isolation and characterization of cellulose nanofi-

bers from rice straw pulps has been investigated but

only using bleached pulps or pulps with very low

lignin content (Jiang et al. 2016; Nasri-Nasrabadi et al.

2014; Jiang and Hsieh 2013; Hassan et al. 2012). In

addition, TEMPO-oxidation of rice straw bleached

pulp was carried out before the mechanical isolation of

the nanofibers (Jiang et al. 2011; Hu et al. 2016; Gu

and Hsieh 2017; Hassan et al. 2017; Hassan and

Hassan 2016).

The current study describes the isolation of cellu-

lose nanofibers from unbleached rice straw pulps with

moderate and high lignin content: soda and neutral

sulfite pulps, respectively. The effect of xylanases

pretreatment on the progress of fibrillation, energy

consumption, and nanofiber properties was studied.

Experimental

Materials

Rice straw obtained from a local farm in Qalubiyah,

Egypt was washed with water to remove the dust and

allowed to air dry. Sodium hydroxide and sodium

sulfite used for pulping were reagent grade chemicals

and used as received. Other chemicals used in analyses

including sulfuric acid, acetic acid, acetone, ethanol,

toluene, bis(ethylenediamine)copper(II) hydroxide

solution, hydrochloric acid, sodium thiosulfate, potas-

sium iodide, potassium iodate, sodium citrate, citric

acid and starch were reagent grade chemicals and used

as received. Sodium chlorite was technical grade (80%

purity) and used as received. Xylanase pow-

der, C 2500 units/g, recombinant, expressed in

Aspergillus oryzae was purchased from Sigma-

Aldrich and used as received.

Preparation of rice straw pulps

Rice straw soda and sulfite pulps were prepared by

pulping the straw using 10% sodium hydroxide or 10%

sodium sulfite (based on weight of rice straw)

solutions, respectively, at 160 �C for 2 h; the liquor

ratio was 1:10. The produced pulps were thoroughly

washed with water, defibrillated in a Valley beater

(Valley Iron Works, Appleton, Wisconsin, USA) to a
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25�SR degree of freeness, dewatered, and allowed to

air dry; the moisture content of the dried fibers was

approximately 10–15%. The chemical composition of

the prepared pulps was analyzed according to the

standard methods for determining ash content, Klason

lignin, acid insoluble lignin, a-cellulose, and pen-

tosans (Browning 1967).

Xylanases pretreatment of unbleached rice straw

pulps

Both the soda and neutral sulfite unbleached pulps

were pretreated with xylanases as previously

described (Hassan et al. 2014). Shortly afterward,

200 g of unbleached pulp was mixed with xylanase in

citrate buffer (pH = 5.3) in a 5-L conical flask at 10

wt% consistency. The concentration of xylanase used

was 0.04 g/g of pulp. The reaction mixture was stirred

gently for 4 h at 50 �C. At the end of the reaction, the

temperature was raised to 90 �C to de-activate the

enzymes and the pulp was filtered and washed

thoroughly with distilled water.

Isolation of cellulose nanofibers from unbleached

pulps

Isolation of cellulose nanofibers from unbleached

pulps was carried out similar to the previously

published protocol (Hassan et al. 2017), the processing

parameters: rotation speed, adjustment of gap, and

processing time were the same for all samples for

comparison purposes. In brief, the unbleached pulp

was first disintegrated using a shear mixer (Silverson

L4RT Silverson Machines Ltd. Chesham, UK) using a

pulp suspension of 2 wt% consistency. The pulp was

then fibrillated using a high-shear ultrafine friction

grinder, or a so-called Supermasscolloider (MKCA6-

2, Masuko Sangyo, Kawaguchi, Japan).The gap

between the disks was gradually adjusted to

- 90 lm and the pulp was run through the grinder

for approximately 140 min. The fibrillation progress

was followed by viscosity measurements at different

fibrillation times using a tuning-fork vibration vis-

cometer (Vibro Viscometer SV-10, A&D Company

Limited, Tokyo, Japan), and by taking pictures of

suspensions drops using a polarizing microscope,

(Nikon Eclipse V100N POL, Tokyo, Japan) and the

NIS-Elements D 4.30 imaging software. Energy

consumption calculations during fibrillation were

performed using direct power measurements with a

power meter, (Carlo Gavazzi, EM24 DIN, Italy) and

the processing time.

Characterization of cellulose nanofibers

Atomic force microscopy (AFM) of the isolated

nanofibers was carried out using a Veeco MultiMode

scanning probe microscope (Santa Barbara, USA)

equipped with a Nanoscope V controller (Veeco

instruments, Plainview, NY, USA). A droplet of the

aqueous fiber suspension was dried onto a mica

surface prior to AFM examination, and images were

collected using the tapping mode and a TESPA

(antimony (n) doped silicon) tip model, (Bruker,

Camarillo, USA), with a nominal spring constant of

5 N/m and a nominal frequency of 270 kHz. The size

(width) of individually separated nanofibers was

measured from the height images and the size

distribution presented was based on measurements of

50 different nanofibers.

Transmission electron microscopy (TEM) was

carried out using a high-resolution transmission elec-

tron microscope (JEM-2100 transmission electron

microscope, JEOL, Tokyo, Japan). Microscopic fea-

tures were also investigated using an extreme high-

resolution scanning electron microscope (SEM) (Mag-

ellan 400XHR-SEM, FEI Company, TheNetherlands)

at a 5 kV acceleration voltage. The fibers were coated

with gold prior to investigation to avoid charging.

Chemical composition of the isolated nanofibers

was determined as mentioned above. Viscosity of the

nanofibers and degree of polymerization (DP) were

determined using a bis(ethylenediamine)copper(II)

hydroxide solution according to the TAPPI T 230

om-99 standard method. DP measurement was carried

out on the isolated nanofibers without bleaching.

Before the analyses, the 2% nanofibers suspensions

were first centrifuged at 10,000 rpm to remove water,

and then washed by distilled water and centrifugation.

The washed nanofibers were left to dry in air.

X-ray diffraction (XRD) patterns were recorded

using an Empyrean X-ray diffractometer (PANalyti-

cal, Netherlands). The crystallinity index (CrI) was

calculated from the XRD patterns according to the

following equation (Sidiras et al. 1990):

CrI ¼ I200 � Iamð Þ=I200
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where I200 is the intensity of the diffraction profile at

the 200 peak position (2h = 22.7�) and Iam is the

intensity at 2h * 18�.

Nanofiber sheets and their characterization

Nanofiber sheets were prepared by vacuum filtration

of the 0.5 wt% suspension of the nanofibers using

hardened filter paper (Whatmann no. 51). The sheets

were dried under a 100 kN load of for 0.5 h at 100 �C
and then for 8 h at 60 �C in an oven with circulating

air. The nanofiber sheets were conditioned at 50%

relative humidity for 48 h at 25 �C before testing.

Tensile testing was carried out on 1-cm wide strips

using a Shimadzu universal testing machine (AGX,

Shimadzu, Japan) equipped with a 1 kN load cell and a

HPV-X2 high-speed video camera to measure strain; a

cross-head speed of 2 mm/min was used and the gauge

length was 20 mm.

The water contact angle of the nanofiber sheets was

measured using an EASYDROP measuring system and

calculated with the drop shape analysis DSA1 control

software,Krüss (Germany), usinga sessiledrop technique.

A 4 lL water drop was placed onto the sheets at four

separate places for calculating the average contact angles.

We used AFM to study the nanoscale surface

characteristics of the nanofiber sheets using the Veeco

Multi Mode scanning probe described above; height

and amplitude images were recorded and the root-

mean square roughness (RMS) values were measured

with the Nanoscope V software from the collected

AFM height images. The reported values were aver-

ages based on three different measurements each on a

25 lm2surface area. All measurements were con-

ducted in air at 23 �C ± 2.

Water absorption tests were carried out according

to Cobb’s method (ISO 535:1991E) which determines

the quantity of water that can be absorbed by the

surface of a paper sheet in a given time.

Results and discussion

Fibrillation of xylanase-treated and untreated

neutral sulfite and soda pulps

Both the unbleached rice straw neutral sulfite and soda

pulps were treated with xylanase to partially remove

hemicelluloses, which exist between the cellulose

fibrils with lignin, thus to facilitate the fibrillation and

isolation of the nanofibers. The effect of the xylanase

treatment on the chemical composition of the

unbleached sulfite and soda pulps before and after

the fibrillation process is shown in Table 1.

As a result of soda pulping, the ash content of rice

straw significantly decreased due to the alkaline

medium used while for the neutral sulfite pulp, the ash

content was similar to that of raw material. Xylanase

treatment had no effect on the ash content of the pulps.

Pulping of rice straw with soda or sodium sulfite

resulted in decreasing its pentosans content (the

majority of hemicelluloses in rice straw) (Hassan

2015). Xylanase pretreatment of both types of pulps

resulted in decreasing the hemicelluloses content by

about 23 and 27% for soda and sulfite pulps, respec-

tively. This is in agreement with previous studies,

which showed that the maximum amount of hemicel-

luloses that could be removed from wood by xylanase

treatment is no more than 30% (Zhang et al. 2013).

As it is well-documented, rice straw has a high

content of ash, which is mostly silica (Hassan 2015).

Xylanase treatment also affected Klason lignin (the

acid insoluble lignin) in both types of pulps; the

decrease in Klason lignin as a result of the xylanase

treatment was higher for the sulfite pulp compared to

soda pulp (* 7 and 1%, respectively). The treatment

also resulted in loss of the acid-soluble lignin, e.g., the

lignin with low molecular weight; the decrease was

slightly higher for the soda pulp than for the sulfite

pulp (29 and 25%, respectively). As a result of

removing the hemicelluloses by the xylanase, the

viscosities of the treated pulps were higher than those

of the untreated ones. It should be noted that the

increase in viscosity of the cellulose solution as a

result of the xylanase treatment was higher for the soda

pulp compared to the sulfite pulp (* 29 and 20%,

respectively). This could be attributed to the much

higher amount of silica and lignin in the sulfite pulp

i.e., the sulfite pulp has a lower cellulose content than

the soda pulp. The obtained results are in agreement

with previous studies on the xylanase treatment of

lignocellulosic fibers which concluded that xylanase

can easily penetrate the cell walls of the fibers and

selectively cleave the b(1,4)-glycosidic bonds in the

xylan backbone causing a reduction in the degree of

polymerization and dissolution of xylan (Morales et al.

2016; Blomstedt et al. 2010; Dhiman et al. 2008).
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In addition, xylanase treatment can attack lignin–

carbohydrate complexes (LCC) and remove some

lignin components and lignin-associated chro-

mophoric groups (Maijala et al. 2008).

Ultrafine grinding of the pulp to isolate the

nanofibers exposes the fibers to very high shear forces.

Chemical analyses of the xylanase-treated pulps

before and after fibrillation showed that the grinding

process had noticeable effects on the hemicelluloses

and lignin contents of the pulps. The grinding process

resulted in loss of hemicelluloses and lignin; the loss

was higher for the sulfite pulp compared to the soda

pulp. Moreover, for the untreated pulps, the grinding

process had less significant effects on the lignin or

hemicelluloses contents. Thus, the xylanase treatment

resulted not only in the removal of hemicelluloses but

also their degradation into fragments that could be

removed during grinding. Due to the further decrease

in the hemicelluloses content by grinding, the viscos-

ity of the isolated nanofibers dissolved in cupri-

ethylene diamine was further increased, thus the

calculated DP increased. In fact, it is known that

refining pulps utilizing regular disc refiners used in

papermaking results in exposing more hemicelluloses

at the surface of the fibers and hemicelluloses loss

during refining (Gharehkhani et al. 2015); similar

effects of grinding during fibrillation could also be

expected. It should be also pointed out that previous

studies on ultrafine grinding of bleached pulps

reported a decrease in viscosity, i.e., decrease in the

degree of polymerization of cellulose due to grinding

(Qin et al. 2016). The different trend in results found in

the current work on unbleached pulps could be due to

the presence of lignin that may affect viscosity

measurements. A previous study showed that during

grinding of unbleached Lodgepole pine cellulose

fibers, micro- and nano-sized lignin particles were

produced and agglomerated during grinding (Nair and

Yan 2015). That was also seen in the AFM images in

the current study as discussed later. In addition, it was

found that nanofibers isolated from unbleached pulp

had higher viscosity than those isolated from bleached

pulp (Guimaraes et al. 2015); that was attributed to the

possible interference by lignin.

Progress of fibrillation and energy consumption

The progress of fibrillation of untreated and xylanase-

treated pulps into nanofibers was monitored by

measuring the changes in viscosity of the fiber

suspensions during fibrillation and by optical micro-

scopy. The goal of the fibrillation process is to reach a

viscosity plateau implying a stronger network forma-

tion by promoting fibril-to-fibril bonding thus, leading

to a higher degree of fibrillation (Berglund et al. 2017).

When using optical microscopy, the disappearance of

the micro-size fibers and appearance of gel-like shades

were considered as indications of the fibrillation

progress (Hassan et al. 2012).

Table 1 Chemical analyses of untreated and xylanases-treated soda and neutral sulfite pulps

Rice

straw

raw

material

Soda pulp Neutral sulfite pulp

Untreated Xylanases-treated Untreated Xylanases-treated

Before

fibrillation

After

fibrillation

Before

fibrillation

After

fibrillation

Before

fibrillation

After

fibrillation

Before

fibrillation

After

fibrillation

Ash content (%) 15.6 8.23 8.51 8.19 8.88 16.63 16.04 16.46 16.77

Pentosans (%) 20.11 15.04 15.61 11.57 9.09 14.34 13.85 10.78 8.84

a-Cellulose (%) 42.98 65.93 66.82 70.5 73.54 54.12 57.05 58.4 63.53

Klason lignin

(%)

16.43 8.06 7.78 7.98 6.74 14.15 13.91 13.18 10.51

Acid-soluble

lignin (%)

4.53 3.81 3.72 2.85 2.56 3.24 2.72 2.31 2.11

Degree of

polymerization

– 1083 1188 1396 1617 903 1164 1097 1271
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As shown in Fig. 1, with increasing the grinding

time and progressing of the fibrillation, the viscosity of

fibers suspension for the different pulps increased

sharply after approximately 40 min of grinding,

except for the untreated neutral sulfite pulp where a

moderate increase in viscosity took place after that

time. The viscosity of soda pulps was generally higher

than that of neutral sulfite pulps due to the higher

cellulose and lower lignin contents of the former, thus

allowing for a stronger gel formation. The higher

viscosity of xylanase-treated soda and neutral sulfite

pulps compared to the untreated one further indicates

better fibrillation as a result of the xylanase treatment.

This suggests that the partial removal of hemicellu-

loses and lignin that link the fibrils facilitates the

fibrillation process. This effect was much more

obvious for the neutral sulfite pulp where the increase

in viscosity of the xylanase-treated neutral sulfite pulp

happened much earlier and was much higher than that

of untreated pulp. The earlier progress of fibrillation

for xylanase-treated pulps could be attributed to the

removal of hemicelluloses which facilitates penetra-

tion of water molecules into the spaces within the

cellulose fibrils. This may partially break the hydrogen

bonds connecting cellulose chains and in turn, loosen

the 3D structure of the fibers (Torres et al. 2012;

Znidarsic-Plazl et al. 2009) thus speeding up the

fibrillation process. In addition, the significant effect

of hemicelluloses removal on fibrillation could be

interpreted according to the model that divides

hemicelluloses into major (coated) and minor

(crosslinking) domains, where the minor domain

hemicelluloses are the fraction that needs to be

removed to facilitate fibrillation while the major

domain hemicelluloses are coated at the surface of

cellulose fibrils and have much less effect on fibril-

lation (Bromley et al. 2013).

It should be noted that there was a significant

increase in temperature (from * 25 to * 42–45 �C)
during grinding, thus the viscosity values as a function

of the processing time are not the accurate viscosities

of the suspensions at room temperature (23 �C). The
viscosity of isolated nanofibers after being cooled

down to * 23 �C is shown in Table 2. The values

confirm the positive effect of the xylanase pretreat-

ment, especially for the neutral sulfite pulp where the

viscosity of the isolated nanofibers was 78% higher for

the xylanase-treated pulp. It should be also noted that

the xylanase-treated fibers have a lower content of

hemicelluloses, which have higher water affinity than

cellulose. Nevertheless, the xylanase-treated nanofi-

bers displayed a higher viscosity which implies a

higher degree of fibrillation. The noticeably low

viscosity of the water suspension nanofibers isolated

from neutral sulfite pulp is in agreement with previ-

ously published results where nanofibers isolated from

unbleached spruce thermomechanical and chemi-

thermomechanical pulps with high lignin content

(21–26%) had much lower viscosity than those iso-

lated from unbleached kraft pulp with 2.4% lignin

(Lahtinen et al. 2014).

Figure 2 shows the energy consumption versus

processing time. As it can be seen, the enzymatic

treatment had no significant effect for soda pulp where

a slightly higher energy consumption value was

recorded for the xylanase-treated pulp. The higher

energy consumption at the beginning of grinding in

case of soda-xylanase pulp than the untreated one

indicates earlier fibrillation, which is energy

consuming.

In addition, the energy consumption recorded for

the xylanase-treated neutral sulfite pulp was higher

than that recorded for the untreated one. It should also

be noted that the energy consumption was higher from

the early stages of fibrillation for the xylanase-treated

sulfite pulp than the untreated one indicating easier

fibrillation, which is an energy consuming process.

The energy consumption for the untreated sulfite pulp,

started to increase substantially after 80 min of

grinding while it increased steadily from the beginning

for the xylanase-treated one. The overall energy
Fig. 1 Viscosity as a function of processing time of the rice

straw pulps with different pretreatments
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consumption after 140 min of grinding was higher for

the xylanase-treated pulp. Removal of xylans from the

fiber cell-wall results in more open structures at

particular points (Li et al. 2011), thus during the early

stages of grinding, fibrillation can occur along these

weakened points and result in high energy consump-

tion. Additionally, for the untreated fibers, due to the

absence of weak points in fibers, fiber chopping and

length reduction were seen during the first stages of

grinding rather than fibrillation. When fibers became

short enough, fibrillation started to occur, thus an

increase in energy was noticed. It also noted that both

of untreated sulfite and soda pulps consumed similar

amounts of energy by the end of grinding, regardless

their lignin content.

The above mentioned results were well-correlated

with the optical microscopy images in Figs. 3 and 4.

Figure 3 shows that for the non-treated neutral sulfite

pulp after 1 h of grinding, broken non-fibrillated fibers

were still noticed while for the xylanase-treated pulp

and at the same grinding time, no broken fibers were

seen and significant fibrillation occurred. After 2 h of

grinding, the xylanase-treated neutral sulfite pulp was

totally fibrillated and we could not easily detect any

micro-fibers while for the non-treated pulp, broken

and non-fibrillated fibers were observed. The images

of the untreated neutral sulfite pulp showed complete

fibrillation after 140 min. From the images of the

neutral sulfite pulps we could conclude that the

fibrillation of non-treated pulp occurred first through

reducing the fiber length rather than disintegration

along the fibers before fibrillation could be initiated.

However, for the xylanase-treated pulp fibrillation

starts during early stages without significant degrada-

tion of the fibers. This will be reflected on the

properties of nanopapers made from isolated nanofi-

bers as presented below. Moreover, for soda pulp, the

progress of fibrillation for xylanase-treated and

untreated pulp was similar. However, it was noticed

that after 2 h of grinding, the images of xylanase-

treated pulp did not show any non-fibrillated fibers

while those of untreated pulp still showed few non-

fibrillated ones.

Nanofibers characterization

The isolated nanofibers were investigated thoroughly

using different microscopy methods including TEM

and AFM. Figure 5 shows the TEM images of the

isolated nanofibers from xylanase-treated and

untreated rice straw soda and neutral sulfite pulps.

The images show that nanofibers with highly homoge-

nous diameter could be isolated from all pulps. The

diameter of the isolated fibers was very small and

reached that of elementary fibrils (* 4 nm). At the

high magnifications used, there was no obvious

difference in diameter or length between the nanofi-

bers isolated from xylanase-treated or untreated pulps.

The diameter of the isolated nanofibers in the current

study was similar to those obtained from TEMPO-

oxidized rice straw pulp (Hassan and Hassan 2016).

Table 2 Viscosity of the rice straw pulp suspensions (* 2 wt%) before and after fibrillation, and energy consumption

Pretreatment Viscosity before (mPa s) Viscosity after (mPa s) Energy demand (kWh/kg)

Soda 2.1 892 11.4

Xylanases-treated soda 4.2 864 10.5

Neutral sulfite 1.7 349 11.2

Xylanases-treated neutral sulfite 3.4 622 13.5

Fig. 2 Energy consumption as a function of processing time of

rice straw pulps with different pretreatments
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The AFM images confirmed the isolation of nano-

scaled fibers with highly homogeneous width during

grinding from the different types of pulps used.

Nonetheless, bundles of rice straw nanofibers were

also observed for all processing methods, as seen in

Fig. 6. The size distribution, based on the height

measurements of the isolated nanofibers, displayed

average width values of 13 ± 5 and 11 ± 5 nm for

the untreated and xylanase-treated soda pulps, respec-

tively. The nanofibers width was 17 ± 6 and

14 ± 7 nm for the untreated and xylanase-treated

neutral sulfite pulps, respectively. Nano-size spherical

entities, previously recognized in bleached rice straw

nanofibers (Hassan et al. 2012), were observed for all

samples and were attributed to residual silica from rice

straw pulp. These could also be lignin debris resulted

from grinding the unbleached fibers.

Nanopaper properties

In order to investigate the effect of xylanase treatment

of the different unbleached pulps on the properties of

the isolated nanofibers, nanopaper was manufactured

from the isolated fibers using vacuum assisted filtra-

tion followed by hot pressing. The mechanical prop-

erties, water absorption, and contact angle of the

prepared nanofibers sheets were compared. In addi-

tion, the nano-scale roughness and crystallinity of the

prepared nanopaper sheets were determined from

AFM measurements and XRD patterns of the sheets,

respectively. As shown in Fig. 7, all the sheets showed

cellulose I structures with peaks at 2h of 23 and 18�,
which belong to diffraction from the (200) and (110)

planes, respectively. The crystallinity of the nanofi-

bers isolated from xylanase-treated soda pulp was

slightly higher than that of nanofibers isolated from the

untreated pulp (CrI was 0.6 and 0.66 for untreated and

xylanase-treated pulps, respectively). This could be

due to the lower hemicelluloses and higher a-cellulose
content of the former due to the xylanase treatment. In

addition, the crystallinity of the nanofibers isolated

from untreated and xylanase-treated sulfite pulp were

close to each other (CrI = 0.65 and 0.64, respectively),

in spite of the differences in their hemicelluloses and

Fig. 3 Optical microscopy images of rice straw neutral sulfite pulps during grinding
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a–cellulose content. This could be due to the presence
of more silica and lignin in the nanofibers isolated

from the neutral sulfite pulp which affect the crys-

tallinity calculations.

Table 3 shows the mechanical properties, water

absorption, and contact angle of the nanopaper sheets

prepared from the isolated nanofibers. The maximum

tensile strength and elastic moduli values clearly show

the positive effect of the xylanase treatment on the

mechanical properties of the isolated nanofibers. The

maximum tensile stress and elastic modulus of the

nanopaper sheets isolated from xylanase-treated soda

pulp were 24 and 51%, respectively, higher than those

of the untreated pulp, while the maximum tensile

stress and elastic modulus of the nanopaper sheets

isolated from xylanase-treated neutral sulfite pulp

were 15 and 32%, respectively, higher than those of

the untreated pulp. The improvement of tensile

properties as a result of the xylanase treatment could

be attributed to the higher a-cellulose content of the

nanofibers isolated from the xylanase-treated pulps as

well as the less significant degradation and easier

fibrillation of the fibers during grinding of the

xylanase-treated pulps.

Nanopaper sheets prepared from the soda pulps had

overall superior mechanical properties compared to

those of sulfite pulps, best explained by the lower

lignin, lower ash, and higher cellulose contents found

in the soda pulps. There was no significant effect of the

xylanase treatment on the strain at break.

The effect of xylanase treatment of the fibers on the

contact angle of nanopapers surface was more notice-

able for neutral sulfite pulp than for soda pulp. The

water contact angle of the nanopaper made from

xylanase-treated neutral sulfite pulp was slightly

lower, i.e., this nanopaper was more hydrophilic

compared to that obtained from untreated pulp. This

is expected to be caused by the higher lignin content of

the nanofibers. Namely, the effect of the higher lignin

content of the untreated neutral sulfite nanofibers on

Fig. 4 Optical microscopy images of rice straw soda pulps during grinding
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the hydrophilicity exceeded that of the higher content

of hemicelluloses. Hot-pressing the nanofibers with

more lignin is expected to produce paper with tighter

and more hydrophobic surface due to the possible

partial softening of lignin. Almost the same trend was

observed for the water absorption test of the nanopa-

pers as shown in Table 3. Due to the higher lignin

content of the neutral sulfite pulp compared to soda

pulp, the nanopapers made from the former had higher

water contact angle than the later.

The roughness of the nanopapers was studied using

AFM and the results are presented in Fig. 8. The

results showed that the roughness of the nanofibers

isolated from soda pulp was lower compared to those

isolated from the neutral sulfite pulp. This can be due

to the higher silica content of the neutral sulfite pulp

compared to the soda pulp. The effect of xylanase

treatment on the roughness of nanopaper surfaces was

not the same for soda and neutral sulfite pulps. For

soda pulp, nanopapers made from nanofibers isolated

from the xylanase-treated pulp had higher roughness

compared to the sheets made from the untreated pulp.

This can be due to the higher lignin content of the

nanofibers. Lignin has previously been reported to

reduce the roughness of nanopapers by acting as

cementing material between the fibrils (Rojo et al.

2015). The higher lignin content of the untreated soda

pulp compared to the xylanase-treated one could

promote increased binding between fibrils, hence

creating smoother nanopaper surfaces. This can also

be observed from the AFM phase image of the soda-

xylanase treated nanopaper surface which was the

Fig. 5 TEM images of cellulose nanofibers isolated from xylanase-treated and non-treated unbleached rice straw soda and neutral

sulfite pulps
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only sample where the fibers could be visually

distinguished. Furthermore, this was the nanopaper

with the highest cellulose and lowest lignin content of

all samples. For the neutral sulfite pulp, the higher

lignin content does not appear to have a higher

smoothening effect on the surface structure compared

to the xylanase treated one. This could be due to the

high silica content in both the untreated and xylanase-

treated nanofibers; it could be also explained by the

plausible lower degree of fibrillation contributing to a

higher roughness of the untreated neutral sulfite

nanopaper.

Fig. 6 AFM height scans for the nanofibers isolated from a soda pulp, b xylanase-treated soda pulp, c neutral sulfite pulp, and

d xylanase-treated neutral sulfite pulp; e–h Measured size distribution of the above nanofibers, in order from a to d

Fig. 7 XRD of non-treated and xylanase-treated rice straw

unbleached soda and neutral sulfite pulps

Table 3 Mechanical properties, water absorption, and water contact angle of nanofiber sheets

Rice straw pulp Max. tensile strength

(MPa)

E-modulus

(GPa)

Strain at failure

(%)

Water absorption

(g/m2)

Water contact

angle (�)

Soda 66 (4) 4.9 (0.7) 3.3 (0.6) 64.9 (1.2) 61.4 (0.7)

Xylanases-treated soda 82 (7) 7.3 (1.1) 3.6 (0.7) 62.3 (3.8) 60.3 (1.6)

Neutral sulfite pulp 49 (3) 3.6 (0.4) 3.7 (0.3) 42.9 (3.1) 69.7 (1.0)

Xylanases-treated neutral

sulfite

57 (2) 4.8 (0.9) 3.7 (0.6) 47.7 (3.1) 63.9 (1.8)

Values between brackets are the standard deviation
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Conclusions

• Cellulose nanofibers with average AFM measured

diameters below 17 nm could be isolated from rice

straw unbleached soda and neutral sulfite pulps

with moderate and high lignin content, respec-

tively, by ultrafine grinding.

• Xylanase treatment provides an environmentally

friendly option for improved fibrillation of high to

moderate lignin content pulps such as neutral

sulfite and soda pulps, which were fibrillated to a

higher degree as seen by their increased mechan-

ical network properties.

• Pretreatment of the unbleached pulps with xyla-

nase could facilitate the fibrillation into cellulose

nanofibers with specific surface properties. How-

ever, no significant decrease in the energy

consumption was observed as a result of the

enzymatic pretreatment.
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(2008) Biomechanical pulping of softwood with enzymes

and white-rot fungus Physisporinus rivulosus. Enzyme

Microbial Technol 43:169–177

Martelli-Tosi M, Torricillas MDS, Martins MA, Assis OBGD,

Tapia-Blácido DR (2016) Using commercial enzymes to

produce cellulose nanofibers from soybean straw. J Nano-

mater 2016:8106814

Morales V, Sanz ML, Olano A, Corzo N, Falck P, Aronsson A,
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Tarrés Q, Boufi S, Mutjé P, Delgado-Aguilar M (2017) Enzy-

matically hydrolyzed and TEMPO-oxidized cellulose

nanofibers for the production of nanopapers: morphologi-

cal, optical, thermal and mechanical properties. Cellulose

24:3943–3954

Tian X, Lu P, Song X, Nie S, Liu Y, Liu M, Wang Z (2017)

Enzyme-assisted mechanical production of microfibril-

lated cellulose from Northern Bleached Softwood Kraft

pulp. Cellulose 24:3929–3942

Tibolla H, Pelissari F, Rodrigues M (2017) Cellulose nanofibers

produced from banana peel by enzymatic treatment: study

of process conditions. Ind Crops Prod 95:664–674

Torres CE, Negro C, Fuente E, Blanco A (2012) Enzymatic

approaches in paper industry for pulp refining and biofilm

control. Appl Microbiol Biotechnol 96:327–344
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