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Abstract In this study, the effect of alkaline pre-

treatment on preparation of regenerated lignocellulose

fibers from bamboo stem was studied in detail. Prior to

being dissolved in [Emim]OAc, bamboo stems were

ground and treated with different concentrations of

sodium hydroxide solutions. The obtained spinning

dopes were then extruded into water coagulation bath

and regenerated to composite fibers. The properties of

the raw materials, spinning dopes, and regenerated

fibers were investigated. Results showed that alkaline

pretreatment could break the rigid structure of ligno-

celluloses by removing part of hemicelluloses and

lignin as well as changing the polymorphous lattice

and CrI of cellulose. The increased specific surface

area of raw materials enhanced the accessibility of

solvent, promoted the swelling process and shortened

the dissolution time. The viscosity of the spinning

dopes and the strength of the regenerated fiber reached

the maximum value when the bamboo powder was

treated with 20 wt% sodium hydroxide at 60 �C for

4 h. In addition, the fibers prepared from the alkali-

treated raw materials showed round cross-section and

wrinkled surface. Therefore, the properties of the

regenerated lignocellulose fibers could be improved

by employing an appropriate alkali pretreatment of

raw materials.
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Introduction

With the growing emphasis on sustainable development

and environmental conservation, the utilization of

abundant and renewable biomass resources has

attracted great attentions (Huber et al. 2006; Ragauskas

et al. 2006). The primary component of plant biomass is

lignocellulose, which is composed of three major

biopolymers: cellulose, hemicelluloses, and lignin (Lo-

erbroks et al. 2013; Maki-Arvela et al. 2010; Peng et al.

2012). The ordered cellulose chains formed tightly

packed crystalline regions of cellulose microfibrills,

which are embedded within a matrix of hemicelluloses

and lignin (Boudet et al. 2003). In addition, lignin and

carbohydrates are linked by covalent bonds (lignin–

carbohydrate complexes, LCCs) (Du et al. 2013). This

complex and inaccessible structure causes the difficult

fractionation and dissolution of lignocellulosic biomass

(Zakzeski et al. 2010).

Delignification processes are usually used to extract

cellulose from lignocellulosic biomass for paper

making industry. The pulping techniques are primarily
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focused on maximizing the cellulose yield, while most

of the hemicelluloses and lignin are wasted. In

addition, the use of chemicals usually causes environ-

mental pollution (Sun et al. 2011b). It has been

demonstrated that the dissolution of lignocellulosic

biomass without prior isolation of individual compo-

nents could offer a variety of new possibilities for

converting biomass to valuable biofuels, chemicals,

and biomaterials (Kilpelainen et al. 2007). The major

difficulty in dissolving lignocellulosic biomass is to

cleave the primary bonds between the biopolymer

components, including the covalent bonds between

lignin and carbohydrates as well as the inter- and

intramolecular hydrogen bonding in cellulose chains

(Brandt et al. 2013). Thus, it is hard to directly dissolve

lignocellulosic biomass in many conventional sol-

vents. Ionic liquids (ILs), especially 1-ethyl-3-methyl-

imidazolium acetate ([Emim]OAc), have been con-

sidered as effective solvents for lignocellulosic

biomass (Zavrel et al. 2009). Rice straw, switchgrass,

corn stalks, pine, spruce, and other biomass materials

have been dissolved in ILs (Brandt et al. 2013; Chen

et al. 2014; Fort et al. 2007; Kilpelainen et al. 2007;

Kyllonen et al. 2013; Lee et al. 2009; Wang et al.

2014). The main purpose of this dissolution is to use

them as a pretreatment to enhance the enzymatic

hydrolysis of cellulose by selective extraction of

lignin, decreasing the crystallinity of cellulose, and

increasing the accessibility of the polysaccharide

chains to cellulases (Isikgor and Becer 2015).

The dissolution of lignocellulosic biomass in ILs not

only enriches the pretreatment techniques, also pro-

motes the development of biomaterials, as valuable

materials can be directly prepared from lignocellulosic

biomass solutions by regenerating process (Muhammad

et al. 2012). Cellulose–hemicelluloses–lignin compos-

ite fibers and films have been prepared from wood and

bagasse through the dissolution and regeneration pro-

cesses (Chen et al. 2014; Simmons et al. 2010; Sun et al.

2011a). The preparation of these composite materials

without any pulping or pretreatment step provides a

simple and efficient route to fully use lignocellulosic

biomass. However, the strength of these composite

materials is much lower than that of the materials

prepared only from cellulose. In previous reports (Sun

et al. 2011a; Kang et al. 2013), it was reported that

alkaline pretreatment of pine and hemp before disso-

lution could improve the strength and spinnability of

the obtained biomass composite materials. To

comprehensively understand this improvement, the

effect of alkaline pretreatment on preparation process

needs to be studied in detail.

In this study, bamboo, which is a large woody grass

and widely distributed in the Asian countries, was

chosen as raw material. The bamboo stems were

ground and pretreated with different concentrations of

sodium hydroxide solution. The treated and untreated

bamboo powders were then dissolved in [Emim]OAc

at a high temperature and extruded into coagulation

bath to prepare regenerated lignocellulose fibers,

respectively. The properties of the materials, dopes

and fibers were determined. The purpose of this study

was to give a comprehensive understanding of the

effect of alkali pretreatment on raw material, dissolv-

ing process, and fibers’ properties during the prepa-

ration of lignocellulosic composite fibers.

Experimental

Materials and reagents

Bamboo stems (Neosinocalamus affinis), which were

obtained from Sichuan province, China, were cut into

small pieces (1–3 cm) and ground in a mill to pass

through an 80-mesh sieve. The particles were then

dried in an oven at 60 �C for 24 h and kept in a

desiccator for further use. The ionic liquid, [Emi-

m]OAc, was acquired from Lanzhou Institute of

Chemical Physics, Lanzhou, China. Other chemicals

were of analytical or reagent grade and used as

purchased without further purification.

Alkaline pretreatment

The bamboo powders, named as B0, were extracted by

0, 5, 10, 15, 20, 25, 30 and 35 wt% NaOH aqueous

solutions at 60 �C for 4 h with a solid to liquor ratio of

1:20 (g/ml), respectively. After filtration, the solid

residues were washed to neutral with water, oven-

dried and labeled as B5, B10, B15, B20, B25, B30 and

B35, respectively.

Preparation of the lignocellulose fibers

9.5 g of [Emim]OAc were loaded into a 25 mL round-

bottom flask and heated to 175 �C under nitrogen
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atmosphere with an oil bath. Then 0.5 g untreated or

pretreated bamboo powders were carefully added into

the solvent under vigorous stirring to obtain a spinning

dope. After being degassed under vacuum, the dope

was transferred to a syringe and extruded through an

orifice of 0.21 mm diameter into a water coagulation

bath at 25 �C by wet spinning method. The extrusion

velocity was 1.2 m/min. The regenerated fibers were

washed several times with water and soaked in water

overnight to remove the residual solvent. The wet

fibers were then collected by a spool to prevent

shrinkage and air dried without stretching. The

obtained fibers were labeled as F0, F5, F10, F15, F20,

F25, F30 and F35, respectively.

Characterization

The chemical compositions (%, w/w) of all the

bamboo powders were determined by National

Renewable Energy Laboratory’s (NREL) standard

analytical procedure. The carbohydrates of the mate-

rials were analyzed by a high-performance anion-

exchange chromatography (HPAEC) (Dionex, ISC

3000, USA) system on a CarboPac PA 20 (Dionex,

USA) analytical column. The XRD patterns of the raw

materials were measured by X-ray diffraction on an

XRD-6000 instrument (Shimadzu, Japan) with a

scattering angle (2h) from 5� to 40� at a scanning

speed of 0.2�/min. The crystallinity index (CrI) values

were calculated according to the method described in a

previous paper (Chen et al. 2015b).

The morphology of the bamboo powders and

regenerated lignocellulose fibers was observed by

field emission scanning electron microscopy

(FESEM) (SU8010, HITACHI, Japan) at acceleration

voltages of 5 kV after being sputtered with gold–

palladium in a sputter coater (E-1010, HITACHI,

Japan). To obtain the cross-section microscopy, the

fibers were fractured in liquid nitrogen before being

sputtered with gold–palladium. The three-dimensional

(3D) surface topography of the fibers were measured

using a Nanoscope IIIa Multimode scanning probe

microscope (Digital Instruments Inc., USA). The

atomic force microscopy (AFM) images were scanned

using tapping mode regime with silicon cantilevers at

room temperature in air. The images were only

flattened without any other processing.

After the addition of the bamboo powders in the

solvent, the dissolving process was observed by a

Leica DM2500 fluorescence microscope (Leica

Microsystems, Germany) at the set time. The viscosi-

ties of the spinning dopes were measured on a

Brookfield digital viscometer DV-II ? PRO (Brook-

field Instruments, America) using S34 rotor with a

speed of 5.0 rpm at 80 �C. The tensile strength (rb)
and elongation at break (eb) of the regenerated fibers

were measured on a universal tensile tester

(UTM6503, Shenzhen Suns Technology stock CO.

LTD. China) according to ASTMD2256-80. The fiber

samples were preconditioned at 20 �C and 65 %

relative humidity (RH) for 24 h. A gauge length of

20 mm and a speed of 2.0 mm/min were used for the

test.

Results and discussion

Effect of alkaline pretreatment on the properties

of raw materials

Alkaline treatment has been considered as a traditional

and efficient way to disrupt the lignin–carbohydrate

matrix, and has been extensively used to remove

hemicelluloses, lignin, and/or cellulose from ligno-

cellulosic biomass (Eronen et al. 2009; Kotarska et al.

2015; Park and Kim 2012; Zheng et al. 2014). Alkaline

pre-treatment at 60 �C for 4 h has been considered as

an effective procedure to break the rigid structure of

lignocelluloses and changes the polymorphic lattice of

cellulose (Viell 2014). In this study, alkaline pretreat-

ment was employed to pretreat bamboo powders to

enhance their dissolution in ionic liquid. The sugar

components of the raw materials are listed in Table 1.

The composition of untreated bamboo powders was

43.04 % cellulose (expressed as glucan), 22.13 %

hemicelluloses (composed of xylan, arabinan, and

galactan), and 27.14 % lignin (25.12 % Klason lignin

and 2.02 % acid-soluble lignin). After alkaline pre-

treatment, the contents of hemicelluloses

(10.28–16.89 %) and lignin (17.57–22.98 %) of the

bamboo powders were obviously decreased, mean-

while, the content of cellulose was gradually increased

(51.18–62.47 %). It was probably due to the fact that

the hydrolysable linkages, such as a- and b-aryl ethers
in lignin and glycosidic bonds in hemicelluloses, were

partly cleaved by alkaline treatment, resulting in

partial removal of hemicelluloses and lignin (McIn-

tosh and Vancov 2010; Wen et al. 2011).
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The chemical structure of the treated and untreated

bamboo powders was investigated by XRD (Fig. 1).

The crystal structure of the bamboo powders changed

from cellulose I to cellulose II after being treated by

alkali solution with a concentration of 15 wt%. The

slightly increased CrI value of the bamboo powder

treated by 5 wt% NaOH could be attributed to the

removal of non-crystalline lignin and hemicelluloses.

The CrI value was then decreased when further

increased the alkali concentration, suggesting that

part of the crystalline region of cellulose was

destroyed.

The morphology of the raw materials before and

after alkali pretreatment was investigated by SEM

(Fig. 2). Big bundles with intact and rigid structure

were observed in untreated bamboo powders (B0).

After being treated by alkali, the big bundles were

gradually cleaved and dissociated, and fibrils buried in

these bundles were gradually exposed with the

removal of adhesive substances between them (B0

and B10). When alkali concentration was higher than

20 wt%, the fibrils were completely isolated (B15).

From the enlarged images (B0a–B15a), untreated

bundles had a relatively smooth surface, while the

isolated fibrils showed a surface with lots of fine

wrinkles. The formation of wrinkles was investigated

by observing the cleavage of the bundles at a high

magnification (Fig. 3). After the superficial sub-

stances, probably consisted of hemicelluloses and

lignin according to the composition analysis, were

gradually removed, fibrils buried in bundles were

exposed. The isolation of fibrils could be considered as

a kind of stripping and tearing process, as microfibrils

were clearly observed between them (A and B). From

the amplified images (C and D), these microfibrils had

a diameter less than 50 nm and were consisted of

aggregations of the nanofibrils that wrapped on fibrils’

surface. Under external shear force, the microfibrils

were eventually broken, leading to the formation of

wrinkles on the surface of fibrils. Thus, the specific

surface area of the raw materials was significantly

increased during the alkaline pretreatment.

Dissolution of the untreated and alkali-treated

bamboo powders

Among ILs, [Emim]OAc has been considered as one

of the most efficient solvents for lignocellulosic

biomass dissolution. This may be related to the

Table 1 Yield and sugar components of the untreated and alkali-treated bamboo powders

Sample Yield (%) Composition

Glc Xyl Ara Gal KL ASL

B0 100 43.04 (1.26)a 20.63 (0.61) 1.15 (0.03) 0.35 (0.01) 25.12 (0.73) 2.02 (0.05)

B5 83.61 51.18 (1.52) 13.98 (0.40) 0.73 (0.02) 0.18 (0.01) 22.25 (0.65) 0.73 (0.02)

B10 76.45 53.86 (1.48) 13.50 (0.39) 1.07 (0.03) 0.27 (0.01) 21.80 (0.62) 0.69 (0.02)

B15 73.92 52.82 (1.64) 13.72 (0.41) 0.98 (0.03) 0.28 (0.01) 20.61 (0.58) 0.73 (0.01)

B20 69.27 55.93 (1.57) 12.45 (1.37) 1.05 (0.02) 0.27 (0.01) 17.40 (0.53) 0.76 (0.02)

B25 65.46 57.65 (1.68) 12.08 (0.38) 1.09 (0.03) 0.29 (0.01) 16.38 (0.49) 0.75 (0.02)

B30 60.85 60.01 (1.79) 11.84 (0.35) 1.03 (0.02) 0.31 (0.01) 15.53 (0.57) 0.64 (0.02)

B35 57.39 62.47 (1.73) 10.92 (0.34) 1.01 (0.03) 0.26 (0.01) 14.06 (0.42) 0.71 (0.02)

Glc glucose, Xyl xylose, Ara arabinose, Gal galactose, KL Klason lignin, ASL acid soluble lignin
a Values in parentheses are the standard errors

Fig. 1 XRD patterns of the untreated and alkali-treated

bamboo powders
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basicity of the acetate anion which could disrupt the

intricate network of non-covalent interactions among

hemicelluloses, cellulose, and lignin, as well as the

inter- and intra-molecular hydrogen bonding in

biopolymers (FitzPatrick et al. 2012). However, i

(ca. 15–16 h) to achieve complete dissolution of the

untreated wood powders in [Emim]OAc at 110 �C
(Sun et al. 2009). It has been reported that rapid

dissolution could be reached by using a dissolving

temperature above the glass transition of lignin (Li

Fig. 2 SEM micrographs of the untreated and alkali-treated bamboo powders
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et al. 2011). In this study, the untreated bamboo

powder was completely dissolved in 20 min under a

relatively high dissolution temperature (175 �C)
(Table 2). This is even shorter than the time (1.5 h)

needed for delignified bamboo cellulose

(Mw = 1353,500) dissolved in the same solvent at

110 �C (Chen et al. 2015a). The dissolution time was

obviously shortened for the alkali-treated bamboo

powders. This was probably due to the increased

accessibility of the raw materials to solvent.

During the dissolution process, the viscosity of the

powders–solvent mixture was increased at first, and

then gradually decreased. Large amount of insoluble

fibers could be observed with naked eyes when the

viscosity was highest. The change of viscosity was

closely related to the status of bamboo powders in

Fig. 3 SEM images of the cleavage of bundles in bamboo powders

Table 2 Dissolving time of the materials, viscosity of the solutions, and mechanical property of the prepared fibers

Sample Dissolving

time (min)

Viscosity of the solutions

at 80 �C (mPa s)

Mechanical propertya

rb (cN/dtex) eb (%)

F0 20 4.91 9 103 0.46 (0.02)b 5.53 (0.28)

F5 19 5.25 9 103 0.61 (0.03) 7.41 (0.46)

F10 18 5.72 9 103 0.73 (0.03) 8.66 (0.48)

F15 17 6.26 9 103 0.92 (0.04) 9.13 (0.63)

F20 16 6.94 9 103 1.05 (0.04) 9.45 (0.56)

F25 14 6.65 9 103 0.96 (0.03) 8.52 (0.54)

F30 12 6.37 9 103 0.83 (0.04) 8.27 (0.41)

F35 10 5.85 9 103 0.81 (0.03) 7.96 (0.46)

a rb and eb are the tensile strength and elongation at break of the composite fibers under stretching model
b Values in parentheses are the standard errors
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ionic liquids. From Fig. 4, it could be clearly observed

that the bamboo powders were fully swelled before

been dissolved. Thus, the swelling of the raw material

caused the increase of viscosity. When most of the raw

material was dissolved, a liquid suspension was finally

formed. This suspension was not homogeneous but it

did not affect the spinning process, as Michels and

Kosan (2006) demonstrated the existence of only

partial dissolved cellulose particles even if highly

purified dissolving pulps are used for dope preparation

in [Emim]OAc. The swelling and dissolving processes

were more efficient for the alkali-treated bamboo

powders. This was probably due to the increased

specific surface area of the raw materials. It is

noteworthy that some substances existed in the

untreated raw materials were difficult to be dissolved.

From the optical microscopic images (Fig. 5, left),

these substances had compact structure. As lignin is

fluorescent due to its phenolic structural units (De

Micco and Aronne 2007), the strong fluorescence in

the fluorescence microscopic images (Fig. 5, right)

indicated that they had a high content of lignin.

Therefore, it could be deduced that alkali treatment

promoted the swelling process and shorten the disso-

lution time by removing part of insoluble substances

and increasing the specific surface area of the raw

material.

Alkali pretreatment also influenced the viscosity of

the dopes obtained (Table 2). The highest viscosity

was reached when bamboo powders were treated by

20 wt% NaOH at 60 �C for 4 h. This increment could

be associated with the dissolution time of the raw

materials in solvent. It has been found that the pre-

treatment of cellulose at elevated caustic soda

Fig. 4 Dissolving process of the untreated (B0) and alkali-treated (B35) bamboo powders observed by optical and fluorescence

microscopes
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Fig. 5 Optical (left) and fluorescence (right) microscopic images of the insoluble substances in [Emim]OAc

Fig. 6 Digital photos of the solvent (a), spinning solution (b) and regenerated lignocellulosic fibers (c), as well as the optical (d) and
fluorescence (e) microscopic images of the regenerated lignocellulosic fibers (F35)
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concentrations causes noticeable conversion of cellu-

lose I to cellulose II, and cellulose II could be much

faster dissolved in anhydrous [Emim]OAc (Schleicher

et al. 1985). As known, degradation of biomass

components in ionic liquids is inevitable, and the

degree of this degradation is related to the dissolution

time and temperature (FitzPatrick et al. 2012; Lu et al.

2013; Michud et al. 2015; Pan et al. 2014; Zhou et al.

2012). The high dissolution temperature used in this

study undoubtedly promoted the degradation of the

raw material. Therefore, short dissolution time could

reduce the degree of degradation, resulting in a high

viscosity of the dope. It should be pointed out that the

degradation of raw materials not only occurred in

dissolving process, also took place in the process of

alkali pretreatment, and serious degradation was more

likely happened at a high alkali concentration. Thus,

the viscosity of the dopes was decreased when using

B25, B30, and B35 as the raw materials.

Structural and mechanical properties

of the regenerated lignocellulose fibers

Due to the existence of lignin, degradation of (hemi-)

cellulose and concomitant chromophore formation,

the color of the dope changed from light yellow to dark

brown (Fig. 6a, b). After being regenerated, the

obtained fibers showed a brown color (Fig. 6c). From

the optical and fluorescence microscopic images

(Fig. 6d, e), lignin was uniformly distributed in the

regenerated lignocellulose fibers.

The cross-section morphology of the regenerated

fibers is shown in Fig. 7. It can be clearly observed that

the fiber prepared from the untreated bamboo powders

Fig. 7 SEM images of the cross section of regenerated lignocellulosic fibers
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(F0) showed an irregular cross section with a diameter

of about 80 lm, while the fibers prepared from the

pretreated bamboo powders (F35) showed a circular

cross section with a diameter of about 50 lm. The

diameter of the fibers was decreased with the increase

of cellulose contents, because high cellulose content

could promote the fiber radial shrinkage by forming a

compact hydrogen bond network structure in the

drying process. From the magnified images (F0a–

F35a), the internal structure of the fiber was relatively

homogeneous and dense without any defects was

revealed. As shown in Fig. 8, the surface of the fiber F0
was uneven and distributed with lots of long narrow

cracks, while other fibers F5–35 showed a roughen and

striate surface. Cracks were also observed on the

surface of fibers F5–35, except F15. The 3D surface

topography of the fibers over a selected area of

1 lm 9 1 lm are shown in Fig. 9. The surface of F0

was smoother than that of the fibers F15 and F35. As all

the spinning dopes were initially extruded from the

same round spinneret, the variety of morphology

might be ascribed to the different diffusion rate of

components during coagulating process. As known,

cellulose and hemicelluloses are hydrophilic due to

their hydroxyl groups while lignin is hydrophobic due

to its phenyl groups. In the coagulation bath, the

regenerated rate of these components may be different

due to the opposite polarity. However, further research

is needed to confirm this deduce.

The tensile strength (rb) and elongation at break

(eb) of the regenerated lignocellulose fibers prepared

from the untreated bamboo powders were 0.46 cN/

dtex and 5.53 %, respectively (Table 2). The mechan-

ical properties of the fibers prepared from bamboo

powders treated with 20 wt% NaOHwere increased to

1.05 cN/dtex (rb) and 9.45 % (eb), respectively,

Fig. 8 SEM images of the surface of regenerated lignocellulosic fibers
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indicating that the alkaline pretreatment was an

effective method to improve the strength of the

regenerated fibers. This could be attributed to the

increased average molecular weight of the raw mate-

rials due to the removal of hemicelluloses and lignin.

On the other hand, the increase of cellulose content in

the spinning dope could promote the orientation of the

regenerated fiber, leading to the improvement of the

fibers’ mechanical strength. However, when alkali

concentration was higher than 20 wt%, the strength of

the obtained fiber was decreased. This should be

ascribed to the decreased average molecular weight

caused by the degradation of components especially

cellulose in the raw materials. The reducing end

aldehyde groups of cellulose molecular chains were

removed one by one under the strong alkali condition,

leading to the degradation of cellulose chains. In

addition, the yield of the raw materials (Table 1) and

the water consumption were also needed to be

considered during the pretreatment. Therefore, the

appropriate alkali concentration for treatment of

bamboo powders was 20 wt% in this study. This

dosage of sodium hydroxide can be further reduced by

raising the temperature and extending the processing

time, which will be researched in the subsequent

studies. In addition, sodium hydroxide in the waste

stream and ionic liquids in the coagulation bath could

be recycled after filtration and concentration. How-

ever, the use of [Emim]OAc at 175 �C could cause a

strong solvent decomposition and undesired side

reactions of solvent and materials (Dorn 2009). The

remained components and the soluble oligomers

resulted from the degradation of the compounds in

the IL–water spin bath mixture increased the difficulty

of solvent recovery. Therefore, the effective recycling

of ionic liquids is also an important problem need to be

considered when using holo-cellulose or lignocellu-

lose as feedstock to produce regenerated composite

fibers.

Conclusions

In this study, the effect of alkali pretreatment on the

raw material, dissolving process, and fibers’ properties

during the preparation of regenerated lignocellulose

fibers from bamboo stem was investigated in detail.

Results showed that alkali pretreatment increased the

cellulose content and broke the compact structure of

the raw materials. The improvement of solvent acces-

sibility promoted the swelling process and shortened

the dissolution time. The viscosity of spinning dopes

was first increased and then decreased with the

increment of alkali concentration. The fibers prepared

from the alkali-treated bamboo powders showed round

cross section and wrinkled surface. The mechanical

properties of these fibers were increased by 128.3 %

(rb) and 70.9 % (eb), respectively, compared to that of

the fibers prepared from the untreated materials.

Fig. 9 AFM images of 3D surface topography of the regener-

ated lignocellulosic fibers
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Therefore, alkaline pretreatment is an effective way to

improve the properties of regenerated lignocellosic

fibers and the appropriate alkali concentration for

pretreatment of bamboo powder was 20 wt%.
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Reaktionsmedien in der Cellulosechemie, PhD Thesis FSU

Jena

Du XY, Gellerstedt G, Li JB (2013) Universal fractionation of

lignin-carbohydrate complexes (LCCs) from lignocellu-

losic biomass: an example using spruce wood. Plant J

74:328–338
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