
W
b

C
C

a

A
R
R
1
A
A

K
I
W
T
X
F
R

1

M
w
t
b
(
i
f
f

l
m
b
r
W
l
c

t
i
L

0
h

Carbohydrate Polymers 94 (2013) 38– 45

Contents lists available at SciVerse ScienceDirect

Carbohydrate  Polymers

jou rn al hom epa ge: www.elsev ier .com/ locate /carbpol

heat  straw  cellulose  dissolution  and  isolation
y  tetra-n-butylammonium  hydroxide

hao  Zhong, Chunming  Wang,  Fan  Huang,  Honghua  Jia ∗,  Ping  Wei
ollege of Biotechnology and Pharmaceutical Engineering, Nanjing University of Technology, Nanjing 211316, PR China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 26 August 2012
eceived in revised form
2 December 2012
ccepted 17 January 2013
vailable online 23 January 2013

a  b  s  t  r  a  c  t

In this  article,  a novel  and  high  efficient  solvent,  tetra-n-Butylammonium  Hydroxide  (TBAH),  was  used
for dissolution  and isolation  of  straw  cellulose  from  wheat  straw.  The  composition  analysis  with  gas
chromatography  (GC)  and  the  spectroscopic  characterization  analysis  conducted  by  X-Ray  diffraction
(XRD)/Fourier  transform  infrared  spectroscopy  (FTIR)  indicated  that  straw  cellulose  can  be  directly  dis-
solved  and  isolated  by  TBAH  without  derivatization.  The  investigation  on the  properties  of  straw  cellulose
isolation  was  based  on the results  of  single  factor  experiments  and  orthogonal  experiments,  with  opti-
mum  conditions  for straw  cellulose  isolation  being  obtained  as follow:  reaction  temperature  60 ◦C,
eywords:
solation

heat straw cellulose
BAH
RD
TIR
ecycling

reaction  time  40  min,  concentration  of  TBAH  50%  and  ratio  of  TBAH  to straw  10:1  (m/m).  In  addition,
as  a solvent  for  cellulose,  TBAH  could  be recycled  several  times  with  high  activity  being retained.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Cellulose is one of the most abundant natural polymers (Pinkert,
arsh, Pang, & Staiger, 2009). Cellulose and its derivatives are
idely used in the chemical, pharmaceutical, papermaking indus-

ry and other areas (Klemm,  Heublein, Fink, & Bohn, 2005). Partly
ecause of the increased awareness of environment problems
Mohanty, Misra, & Drzal, 2002), recently there has been an increas-
ng interest in more efficient utilization of agro-industrial residues
or the production of various biodegradable and environment
riendly cellulose materials (Pandey, Soccol, Nigam, & Soccol, 2000).

Agro-industrial residues primarily consist of cellulose, hemicel-
uloses and lignin (Zhang, Du, Qian, & Chen, 2010). In order to

ake full use of the residues, these major components need to
e isolated. The cellulose isolated may  be used as a raw mate-
ial for papermaking, fuel alcohol and other industrial applications.

ith present technologies, efficient methods for isolating cellu-
ose from agro-industrial residues are based on the dissolution of
ellulose.

However, it’s extremely difficult to dissolve cellulose in most

raditional solvents because of the numerous intermolecular and
ntramolecular hydrogen bonds existing in cellulose (Lin, Zhan,
iu, Fu, & Lucia, 2009). Recently, there have been extensive

∗ Corresponding author. Tel.: +86 25 58139368; fax: +86 25 58139368.
E-mail address: hhjia@njut.edu.cn (H. Jia).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.01.043
efforts to find effective solvents for cellulose, with several
solvents being reported, such as N-methylmorpholine N-oxide
monohydrate (NMMO) (Roder & Morgenstern, 1999), LiCl/N, N-
dimethylacetamide (DMAC) (McCormick, Callais, & Hutchinson,
1985), some molten salt hydrates like LiClO4·3H2O (Fischer,
Leipner, Thummler, Brendler, & Peters, 2003) and LiSCN·2H2O
(Nehls, Lukanoff, Philipp, & Zschunke, 1983), and some aque-
ous solution of metal complex like cuprammonium hydroxide
(Saalwachter et al., 2000). However, there remain some dis-
advantages including toxicity, thermal instability, hazardous
vapors and high cost (Liu et al., 2007; Zhang, Wu,  Zhang, &
He, 2005). The other solvents reported recently are neither
toxic nor too expensive, among which concentrated phospho-
ric acid (H3PO4) plays the major role (Conte, Maccotta, De
Pasquale, Bubici, & Alonzo, 2009; Zhang, Cui, Lynd, & Kuang,
2006). However, cellulose dissolution with phosphoric acid
usually results in the degradation of cellulose in lower tem-
perature (Boerstoel, Maatman, Picken, Remmers, & Westerink,
2001; Butera, De Pasquale, Maccotta, Alonzo, & Conte, 2011;
Saeman, 1945), which is not appropriate for regenerating cellu-
lose.

Recently, ionic liquids (ILs), such as 1-ethyl-3-methylimi-
dazolium acetate (EMIMAc), 1-butyl-3-methylimidazolium chlo-

ride (BMIMCl), 1-allyl-3-methylimidazolium chloride (AMIMCl),
have been used as solvents for cellulose (Remsing, Swatloski,
Rogers, & Moyna, 2006; Song, Zhang, Niu, & Wang, 2010; Zhu et al.,
2006), but there are still some limitations for the application of ionic

dx.doi.org/10.1016/j.carbpol.2013.01.043
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:hhjia@njut.edu.cn
dx.doi.org/10.1016/j.carbpol.2013.01.043
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Fig. 1. Scheme for isolation o

iquids, such as the relatively high viscosity, which slows down
he dissolution of cellulose. Besides, the solubility of cellulose may
ecrease dramatically if a certain amount of water is added (Mazza,
atana, Vaca-Garcia, & Cecutti, 2009). Consequently, it’s difficult to
se polar ionic liquid as solvent to treat agro-industrial residues
ithout pre-treatment. Furthermore, degradation of cellulose will

lso occur during the dissolution in ILs (Zhang et al., 2010), which
s not appropriate for cellulose regeneration.

To overcome these disadvantages, hydroxide anion is consid-
red as an ideal substitution (Cai, Liu, & Zhang, 2006; Liu & Zhang,
009; Zhang et al., 2001). As the solvent for cellulose, sodium
ydroxides (NaOH) aqueous solution with or without urea/thiourea
dded have already been reported (Cai & Zhang, 2006; Isogai &
talla, 1998; Zhang, Ruan, & Gao, 2002). However, the applica-

ions of sodium hydroxide are strictly controlled for the conditions
equired to dissolve cellulose, which prevents it to be an ideal sol-
ent for cellulose (Egal, Budtova, & Navard, 2007). In this article, we
hose tetra-n-Butylammonium Hydroxide (TBAH) as the solvent for
ellulose and isolated cellulose from wheat straw by dissolving it in
BAH. The feasibility of isolating straw cellulose from wheat straw
as investigated. In addition, the recyclability of TBAH was also
iscussed. All the works in this article indicated that TBAH a useful
olvent for dissolving and isolating cellulose from agro-industrial
esidues.

. Materials and methods

.1. Materials

Agricultural wheat straw, collected from Siyang, Jiangsu
rovince, was supplied by the biogas pilot plant of Nanjing Univer-
ity of Technology. It was dried in sunlight and then cut into small

ieces with length of 1 cm.  Tetra-n-Butylammonium Hydroxide
55% aqueous solution), acetic anhydride and potassium bromide
ere purchased from the Alfa Company. Microcrystalline cellulose,
iethyltriamine pentaacetic acid, anthrone, sulfuric acid, hydro-
en peroxide (30% aqueous solution) and sodium hydroxide were
rovided by the Aladdin Reagent Company.
 cellulose from wheat straw.

2.2. Dissolution of microcrystalline cellulose in TBAH

The aqueous solution containing 55% TBAH by weight was  used
as the solvent for microcrystalline cellulose. Measured 5 mL of
solvent into triangular flask, and then 0.55 g of microcrystalline cel-
lulose was immediately added and mixed with the solvent. After
stirring for 2 min, the microcrystalline cellulose could be com-
pletely dissolved in solvent at room temperature, with the resultant
solution turning into a transparent gel. After that, 50 mL  of water
was added into the gel mixtures, with some white substances being
precipitated. The white precipitates were obtained by centrifuging
the gel system at a speed of 5500 rpm for 3 min  at 4 ◦C, followed
by being filtered, washed with 40% ethanol/water, and dried in a
vacuum oven for 12 h.

2.3. Isolation of wheat straw cellulose

Based on the results illustrated above, we  chose TBAH (55%
aqueous solution) as the solvent for isolating cellulose from wheat
straw, with a scheme for isolation of cellulose from wheat straw
being described below and shown in Fig. 1.

The wheat straw was first dewaxed in Soxhlet apparatus with
toluene–ethanol (2:1, v/v) for 5 h (Sun, Lawther, & Banks, 1995),
followed by being immersed in 500 mL  of boiling water for 2 h, and
then dried at 50 ◦C in vacuum oven for 12 h. The dried wheat straw
(0.275 g) was added into triangular flask and mixed with 5 mL of sol-
vent completely. The mixtures were heated at 60 ◦C and stirred with
speed of 200 rpm until the straw samples completely dissolved
(actually 15–20 min  was  enough), and converted into mixture of
gel particles. After the gel was  cooled to room temperature, 50 mL
of water was  added with stirring to stop the reaction, with some
substances precipitating. The gel mixtures were then centrifuged
at a speed of 5500 rpm to obtaining the precipitates (regenerated
straw cellulose), which was filtered afterwards, washed with 40%
ethanol/water, and dried at 50 ◦C in a vacuum oven for 12 h.
2.4. Chemical identification of regenerated straw cellulose

Cellulose content of regenerated straw cellulose was  deter-
mined by using the anthrone method (Frederick & Leslie, 1949)
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ith some modifications. Anthrone, a tricyclic hydrocarbon
C14H10O), was generally used for cellulose assay and colorimet-
ic determination of carbohydrates. This method was performed
ith initial digestion of regenerated straw cellulose (0.1 g) with

0% sulfuric acid (20 mL)  in ice bath for 30 min, followed by adding
.5 mL  of anthrone solution (2.0%) to the digestion solution. The
ixtures were subsequently heated in boiling water for 10 min.

inally, the absorbance of green color in resultant solution, which
as proportional to cellulose content of sample, was measured by a
V–vis spectrophotometer Genesys 10S (Thermo, USA) at 625 nm.
he detection was repeated three times. In addition, microcrys-
alline cellulose was used as a standard for calibration.

The neutral sugar composition of regenerated straw cellulose
as detected by gas chromatography (GC) analysis of the corre-

ponding alditol acetates. The regenerated straw cellulose powder
40 mg)  was first hydrolysed with 72% sulfuric acid (0.125 mL)  for

 h at 35 ◦C, followed by a further hydrolysis for 2 h at 100 ◦C after
ilution to 1.475 mL.  After hydrolysis completed, the hydrolysate
as made neutral by adding ammonia solution. Alditol acetates

f neutral sugars in the hydrolysates were prepared according
o the methods described by Blakeney, Harris, Henry, and Stone
1983). The alditol acetate derivatives of sugars were quanti-
ed by a HP 5890 GC using an Alltech DB-225 capillary column
30 m × 0.25 mm × 0.25 �m film) and the temperature program of
nitial temperature 190 ◦C with a hold of 4 min, followed by a tem-
erature rise of 2 ◦C/min to 230 ◦C with a final hold of 25 min  was
esigned. Helium was used as the carrier gas, and the sugar deriva-
ives were detected with a flame ionization detector (FID).

.5. Spectroscopic characterization of cellulose

The crystal structure of cellulose was detected by the X-Ray
iffraction (XRD). The regenerated straw cellulose and microcrys-
alline cellulose were ground into powder for the measurement.
he X-ray diffraction pattern of cellulose crystal was recorded on
TRA/3KW X-ray diffractometer (ARL), it was performed with CuK�
adiation (� = 0.1541 nm)  and the diffraction scans were recorded
ith 2� ranging from 3◦ to 50◦.

The Crystallographic Index (CI) of cellulose was described by the
egal Equation (Segal, 1959) as Eq. (1):

I = Ih k l − Iam

Ih k l
× 100% (1)

here Ih k l was the diffraction intensity of crystallization area
iffraction peak of cellulose; Iam was the diffraction intensity of
on-crystallization area diffraction peak (2�  = 18◦) of cellulose.

The structure analysis of cellulose was performed with the
ourier transform infrared spectroscopy (Thermo Nicolet 380)
Kataoka & Kondo, 1998), which was recorded in 4000–400 cm−1

ange with a resolution of 4 cm−1. A certain amount of regener-
ted (straw) cellulose and microcrystalline cellulose powder were
espectively mixed with dry KBr powder by ratio 1:100 (m/m), with
he mixtures being pressed into tablets for infrared spectrometry
nalysis.

.6. Design of experiment for wheat straw cellulose isolation

Single factor experiments were designed to investigate the
roperties of straw cellulose isolation and performed under var-

ous conditions. In this article, four predominant factors, including
eaction temperature, reaction time, concentration of TBAH and

atio of TBAH to straw (m/m), were investigated respectively. The
nvestigation of each factor’s effect on straw cellulose isolation was
erformed with changing itself, while keeping other variables con-
tant.
olymers 94 (2013) 38– 45

The investigation was carried out by measuring 5 mL  of TBAH
solution with concentrations of 45%, 50%, 55%, 65%, 75%, and 80%,
respectively. Wheat straw sample was then added and mixed with
the solvent according to mass ratio of TBAH/straw of 6:1, 8:1, 10:1,
12:1, and 15:1. The mixtures were heated at temperatures of 40,
50, 60, 70, and 80 ◦C with stirring for 20, 30, 40, 50, 60, and 70 min,
respectively. After reacting for required times, the resulting solu-
tions were slowly poured into 50 mL  of distilled water with stirring
to stop the reaction and the mixtures were then centrifuged at a
speed of 5500 rpm for obtaining the precipitates (regenerated straw
cellulose), which would be filtered afterwards, washed with 40%
ethanol/water, and dried at 50 ◦C in a vacuum oven for 12 h.

In this article, the removal rate of lignin and hemicelluloses,
which was calculated as follow:  ̨ = [M − (m2 − m1)]/M × 100%,
where M was the mass of straw samples, m1 was the mass of filter
paper and m2 was  the mass of filter paper and regenerated straw
cellulose, was  designed for evaluating the properties of regenerated
straw cellulose.

Furthermore, in order to optimize the factors above, experi-
ments based on an orthogonal experimental design (L9 matrix)
with the four variables being investigated were performed (Wu &
Leung, 2011). According to the single factor experiments, appro-
priate levels of the four chosen factors, which were identified to
have larger effects on straw cellulose isolation, were determined
in the research. An L9 (34) matrix, which was an orthogonal array
of four factors and three levels, was  employed to assign the con-
sidered factors and levels as shown in Table 1. Nine trials were
carried out based on the L9 matrix to complete the optimization
process and each test was performed at least two times to guar-
antee the accuracy of results, with the optimal conditions being
obtained by data analysis. Finally, the experiments with optimal
conditions were repeated several times for verifying the results.

2.7. Recycling of TBAH

After regeneration of straw cellulose, filtrate was collected and
processed with the isolation of lignin and hemicelluloses. The
residual TBAH in filtrate was then recovered by simply reduc-
ing the pressure and subsequently distilling to remove water
under the conditions of vacuum degree 0.1 MPa, temperature 48 ◦C
(Dennewald, Pitner, & Weuster-Botz, 2011; Zhang et al., 2005), with
recycled TBAH being applied as the solvent for wheat straw again.
Repeated cycles of wheat straw dissolution followed by straw cellu-
lose isolation and TBAH purification were performed to investigate
the recyclability of TBAH. The cyclic experiments were carried out
under the optimal conditions as explicated above.

2.8. Bleaching of regenerated straw cellulose

In order to make further removal of hemicelluloses, the bleach-
ing treatment of regenerated straw cellulose by alkaline H2O2
was introduced in this article (Jiang et al., 2011; Zhang & Huang,
2004) and addition of DTPA (diethyltriamine pentaacetic acid) was
designed to improve the stability of H2O2 at high temperature. Four
factors including bleaching time and temperature, ratio of cellulose
to liquid and pH of bleaching solution were researched respec-
tively, with the optimum conditions as follow: bleaching time 1.5 h,
temperature 90 ◦C, ratio 8 g/L and pH 11.5.

According to the conditions illustrated above, 2 mL of H2O2 (30%
aqueous solution) was initially diluted to 30 mL,  followed by being
adjusted to pH 11.5 with NaOH, and then 30 �L of DTPA was  added
afterwards for improving the stability of H2O2. The regenerated

straw cellulose powder (0.24 g) was  measured and mixed with the
bleaching solution, which would be heated at 90 ◦C for 1.5 h. After
bleaching completed, the regenerated straw cellulose was filtered
and dried in vacuum oven at 50 ◦C for 12 h.
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Table  1
Analysis of L9 (34) orthogonal experiments results.

Run Factors and levels Removal
rate (%)

A Temperature (◦C) B Time (min) C Concentration of
TBAH (%)

D Ratio of TBAH
to straw (m/m)

1 1 (50) 1 (20) 1 (50) 1 (8:1) 50.59
2  1 2 (30) 2 (55) 2 (10:1) 46.25
3 1  3 (40) 3 (60) 3 (12:1) 43.92
4  2 (60) 1 2 3 49.95
5  2 2 3 1 51.61
6  2 3 1 2 58.42
7 3  (65) 1 3 2 52.77
8 3 2 1 3 51.99
9 3 3 2 1 51.10

I  140.76 153.31 161.00 153.30
II  159.98 149.85 147.30 157.44
III  155.86 153.44 148.30 145.86

I/3  46.92 51.10 53.67 51.10
II/3  53.33 49.95 49.10 52.48
III/3  51.95 51.15 49.43 48.62
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able characteristic peaks of cellulose as follow: A strong band
at 3385 cm−1 was originated from O H stretching vibration, and
that at 2903 cm−1 was attributed to the C H stretching vibration;
Ra 6.41 1.20 

a Referred to the results of extreme analysis.

. Results and discussion

.1. Characterization of microcrystalline cellulose dissolution in
BAH

Based on the phenomena above, the conclusion that microcrys-
alline cellulose could rapidly dissolve in TBAH was obtained. It
as generally recognized that disrupting numerous intermolecu-

ar and intramolecular hydrogen bonds was required for dissolving
ellulose. In the case of ionic liquid applied as solvent for cellu-
ose, the relatively high chloride concentration in ionic liquid was
hought to play the key role in dissolving cellulose. Similarly, the
roperties of cations, which would also affect cellulose dissolution,
hould be considered (Swatloski, Spear, Holbrey, & Rogers, 2002).
onsequently, it was suggested that in the solvents for cellulose,
hich contained strong polarizing cations and large polarizable

nions, extensive interactions between ions and cellulose would
ccur (Mccormick, Dawsey, & Newman, 1990). According to this
onclusion, it could be speculated that the free hydroxide anion
n TBAH would interact with the cellulose hydroxyl proton and the
(n-t-Bu)4-N]+ cations might attack on the oxygen atom of cellulose
ydroxyl during the dissolution process.

Based on the descriptions outlined above, the possible disso-
ution mechanism of microcrystalline cellulose in TBAH could be
peculatively described as follows: at a certain temperature, the
on pairs in TBAH dissociated into individual hydroxide anion and
(n-t-Bu)4-N]+ cation, the free hydroxide anion interacted with the
ellulose hydroxyl proton via acid–base reaction and the cellulose
ydroxyl oxygen negative charges were neutralized by the free [(n-
-Bu)4-N]+ cations simultaneously, forming the cellulose–Bu4-N+

omplex, which disrupted hydrogen bonds in cellulose and led to
he dissolution of microcrystalline cellulose.

Furthermore, various factors affecting the dissolution of micro-
rystalline cellulose in TBAH were also investigated respectively.
n this article, microcrystalline cellulose could be completely dis-
olved in TBAH (55% aqueous solution) within 2 min  at room
emperature, with a faster dissolution rate being obtained in higher
emperature. In view of the industrial application, the advantage

hat cellulose samples without any pretreatment or activation
ould be dissolved in TBAH rapidly was really remarkable. In com-
arison, in some cases of other solvent systems for cellulose, such
s DMAC/LiCl, the pretreatment or activation of cellulose was often
4.57 3.86

needed (McCormick et al., 1985). Besides, higher fraction of TBAH
was not always effective for the dissolution of microcrystalline cel-
lulose. A certain amount of hydroxide was  needed for cellulose
dissolution, but excess hydroxide might decrease the stability of
[(n-t-Bu)4-N]+ cation in some extent. Generally, TBAH solution with
concentration ranging from 50% to 60% was the best for dissolving
microcrystalline cellulose.

After dissolution completed, a transparent gel, which kept its
liquid state with enhanced viscosity, was  obtained subsequently.
The white precipitates (regenerated cellulose) were obtained by
adding a certain amount of water into the gel with stirring to
stop the reaction. Structure identification of the precipitates was
performed with Fourier transformed infrared spectrometry (FTIR),
with the spectrum shown in Fig. 2. The absorbance bands at 3385,
2903, 1652, 1432, 1172, 1050, 898 cm−1 seen in spectrum were
associated with the precipitates (B), which presented the remark-
Fig. 2. FTIR spectra of microcrystalline cellulose (A), dissolved microcrystalline cel-
lulose in TBAH (B), regenerated straw cellulose (C) and regenerated straw cellulose
with bleaching treatment (D).
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ig. 3. XRD patterns of microcrystalline cellulose (A) and regenerated straw cellu-
ose (B).

he band at 1652 cm−1 corresponded to the bending vibration of
bsorbed water in cellulose; the absorption band at 1172 cm−1

rose from C O antisymmetric stretching vibration and a strong
eak at 1050 cm−1 belonged to the C O C pyranose ring skeletal
ibration; a characteristic peak of cellulose at 898 cm−1 was  also
etected in the spectrum. The descriptions above indicated that no
istinct derivatization reaction occurred during the dissolution of
icrocrystalline cellulose in TBAH. Furthermore, no distinct mass

oss of microcrystalline cellulose was observed during the dissolu-
ion and regeneration process, based on which the application of
BAH on cellulose dissolution and regeneration would be easier to
mplement.

.2. Chemical properties of regenerated straw cellulose

In order to identify the chemical properties of regenerated straw
ellulose, detections including content of cellulose and sugar com-
osition were performed respectively.

According to the anthrone method, content of cellulose in regen-
rated straw cellulose was obtained accordingly. In the present
tudy, a standard curve of cellulose with R-square of 0.99526 was
repared, based on which the cellulose content in regenerated
traw cellulose was obtained according to the absorbance of resul-
ant solution at 625 nm.  The results showed that the regenerated
traw cellulose, with high cellulose content of about 89.7%, was
btained during the isolation process, indicating that high efficient
solation of straw cellulose from wheat straw could be achieved

ith TBAH.
Based on gas chromatography (GC) analysis of the correspond-

ng alditol acetate, neutral sugar composition of regenerated straw
ellulose was detected, with results showing that glucose was the
redominant sugar component, which comprised 91.7% of total
ugars, indicating a relatively high content of cellulose in the regen-
rated straw cellulose, which was consistent with the description
f cellulose content analysis above. Furthermore, a small amount of
oncellulosic sugars, such as xylose (3.1%), galactose (2.7%), man-
ose (1.1%), and arabinose (0.9%), were also observed, indicating
hat minor quantities of residual hemicelluloses still remained in
he regenerated straw cellulose, which needed a further reduction
n hemicelluloses by bleaching treatment.
.3. Structure analysis of regenerated straw cellulose

XRD spectra of cellulose were illustrated in Fig. 3. As can be
een, the characteristic peaks of microcrystalline cellulose were
olymers 94 (2013) 38– 45

found with diffractions of 14.86◦, 16.34◦ and 22.65◦, which were
similar with the characteristic peaks of cellulose I (Zhang & Lin,
2009). The crystallinity of microcrystalline cellulose was  90.3%,
which might be attributed to the formation of intermolecular
hydrogen bonds in microcrystalline cellulose, forming a stable
structure with high crystallinity (Zhbankov, 1992; Zhou, Yuan,
Chen, & Bao, 2012). In contrast, the regenerated straw cellulose,
with its crystallinity of 48.7%, exhibited the typical diffraction
patterns of cellulose II with 2� of 20.82◦ and 21.86◦ (Inagaki,
Siesler, Mitsui, & Tsuchikawa, 2010; Nishiyama, Langan, & Chanzy,
2002; Zhao et al., 2007). Compared with microcrystalline cellu-
lose, the crystallinity of regenerated straw cellulose was much
lower, indicating that the transformation from cellulose I to cellu-
lose II was performed during the dissolution process (Feng & Chen,
2008).

The structural analysis of microcrystalline cellulose and regen-
erated straw cellulose were performed with Fourier transformed
infrared spectrometry (FTIR). As shown in Fig. 2, there was no sig-
nificant difference between the FTIR spectra of microcrystalline
cellulose (A) and regenerated straw cellulose (C).

The strong absorption bands at 2903 cm−1 for microcrystalline
cellulose and 2918 cm−1 for regenerated straw cellulose were
assigned to the C H stretching vibration. The absorption bands at
1639 cm−1 in regenerated straw cellulose and 1652 cm−1 in micro-
crystalline cellulose belonged to the bending mode of absorbed
water. Besides, the absorption band at 1172 cm−1 for both micro-
crystalline cellulose and regenerated straw cellulose corresponded
to C O antisymmetric stretching vibration (Sun, Xu, Geng, Sun, &
Sun, 2005).

For microcrystalline cellulose, the strong absorption band at
1434 cm−1 was corresponded with the CH2 scissoring motion.
In comparison, the 1419 cm−1 peak of regenerated straw cellu-
lose weakened and shifted to a lower wavenumber, which was
attributed to the destruction of intermolecular hydrogen bonds
associating with oxygen atom at C6 (Higgins, Stewart, & Harrington,
1961). A strong peak at 1050 cm−1 arose from C O C pyranose
ring skeletal vibration in microcrystalline cellulose. In contrast,
the intensity of the peak at 1051 cm−1 for C O C stretching in
regenerated straw cellulose slightly decreased due to the degra-
dation of cellulose macromolecules during dissolution in TBAH.
In addition, an absorbance at 898 cm−1, which belonged to the
C O stretching vibration in the amorphous region, was obviously
detected in the regenerated straw cellulose spectrogram. Besides,
the broad band at around 3342 cm−1 was originated from the
O H vibrations in microcrystalline cellulose. In comparison, the
band of O H vibration in regenerated straw cellulose shifted to a
higher frequency (3420 cm−1) with a sharper and narrower pro-
file, which was a sign of breaking down the hydrogen bonds in
regenerated straw cellulose (Kataoka & Kondo, 1998; Zhou et al.,
2001).

In conclusion, the above results showed that after dissolution of
straw samples in TBAH followed by straw cellulose isolation, the
isolated substance (regenerated straw cellulose) with a relatively
high content of cellulose was  obtained, indicating that the disso-
lution and isolation of straw cellulose from wheat straw could be
successfully achieved with TBAH.

In addition, as shown in Fig. 2, the regenerated straw cellu-
lose with bleaching treatment (D), with remarkable characteristic
peaks at 3404, 2918, 1646, 1420, 1172, 1050, 899 cm−1 respec-
tively, showed a much more similar FTIR spectrogram to native
cellulose, indicating that no obvious derivatization occurred
during the bleaching treatment. Besides, after the bleaching pro-

cess, the removal rate of lignin and hemicelluloses increased
by about 2–3%, showing that bleaching with alkaline H2O2
might be an efficient retreatment for regenerated straw cellu-
lose.
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Fig. 4. (a) Effect of reaction temperature on straw cellulose isolation (reaction time
40  min, concentration of TBAH 50%, ratio of TBAH/straw 10:1 (m/m)); (b) effect of
reaction time on straw cellulose isolation (reaction temperature 60 ◦C, concentration
of  TBAH 50%, ratio of TBAH/straw 10:1 (m/m)); (c) effect of solution concentration
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.4. Factors affecting wheat straw cellulose isolation

Generally, the isolation of straw cellulose from wheat straw was
rimarily affected by the reaction time and temperature, ratio of
BAH/straw and concentration of TBAH.

In the present study, isolation of straw cellulose at differ-
nt reaction temperature was investigated. At room temperature,
BAH only swelled wheat straw but could not dissolve it. How-
ver, with increasing the temperature, straw samples could be
issolved more rapidly. As shown in Fig. 4(a), at an initial stage
f 40–60 ◦C, the dissolution occurred rapidly with an obvious
ncrease in removal rate of lignin and hemicelluloses, followed
y a decline of dissolution rate and slower increase of removal
ate at higher temperature. Similarly, the relationship between
eaction time and isolation properties was illustrated in Fig. 4(b).
he straw samples might be completely dissolved in TBAH with
tirring for 20 min  at 60 ◦C. Besides, with the increase of disso-
ution time, a higher removal rate of lignin and hemicelluloses

as achieved accordingly. However, it was characterized by a
light increase of removal rate and decreasing dissolution rate
fter reacting for 40 min. These phenomena might be explained by
he relatively perfect crystalline structure in residual cellulose fib-
ils and increasing viscosity of resultant solution. With increasing
eaction temperature and time, higher concentration of cellulose
olution with higher viscosities were prepared in TBAH, weaken-
ng the free hydroxide anions’ association with hydrogen bonds
ormed in straw cellulose, which lead to the decrease of dissolution
ate.

The changes of removal rate of lignin and hemicelluloses as
 function of TBAH concentration was shown in Fig. 4(c). The
emoval rate sharply increased up to a maximal point of 58.84%
t an initial concentration period from 45% to 50%, followed by a
ecline with increasing the concentration of TBAH. This might be
aused by the instability of [(n-t-Bu)4-N]+ cation and the forma-
ion of hydrogen bonds between hydroxyl in solution with higher
oncentration, which resulted in the decrease of free hydroxide
nions (Lan, Liu, Yue, Sun, & Kennedy, 2011; Zhen & Zhen, 2012)
nd weakened hydroxide anions’ association with straw cellu-
ose.

The effect of the ratio between TBAH and straw (m/m)  on straw
ellulose isolation was illustrated in Table 2. As can be seen, the
emoval rate of lignin and hemicelluloses obviously increased from
0.16% to 71.80% with the ratio of TBAH to straw (m/m) shifting
rom 6:1 to 15:1, which might be explained by the decline of cellu-
ose concentration with decreasing amount of straw, reducing the
iscosity of solution and promoting the TBAH’s effects on straw cel-
ulose. However, compared to reaction with ratio 10:1, in reaction

ith ratio 12:1 and 15:1, the yield of regenerated straw cellulose
howed a dramatic decline, which was not appropriate for regen-
ration of straw cellulose.

The range value in orthogonal experiments reflected the sig-
ificance of each factor (Liu & Deng, 2009; Wu  & Leung, 2011;
uan, Kong, & Yan, 2006). Based on the comparison of four fac-
ors’ range values as seen in Fig. 5, the factor influences were
isted in a descending order as follows: reaction temperature
6.41) > concentration of TBAH (4.57) > ratio of TBAH to straw (m/m)
3.86) > reaction time (1.20), indicating that the most predominant
actor contributing to straw cellulose isolation was  reaction tem-
erature (A), followed by concentration of TBAH (C) and ratio of
BAH to straw (D), and lastly reaction time (B).

In addition, as shown in Table 1, based on the data analysis, the
ptimal operation conditions were obtained as follow: A2B3C1D2

reaction temperature 60 ◦C, reaction time 40 min, concentration
f TBAH 50% and ratio of TBAH to straw 10:1 (m/m)). Experi-
ents with optimal conditions were repeated several times for

onfirming the optimized results and efficiencies, with removal
on straw cellulose isolation (reaction temperature 60 ◦C, reaction time 40 min, ratio
of  TBAH/straw 10:1 (m/m)).

rate of lignin and hemicelluloses of around 58% being obtained
in a series of confirmatory experiments, which was  consistent
with the former orthogonal experimental result, indicating that

the optimal conditions obtained through orthogonal experiments
could in some extent optimize the isolation of straw cellu-
lose.
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Table 2
Effect of mass ratio of TBAH/wheat straw on straw cellulose isolation (Reaction temperature 60 ◦C, reaction time 40 min, concentration of TBAH 50%).

Ratio of TBAH to straw (m/m)  6:1 8:1 10:1 12:1 15:1

Removal rate (%) 30.16 30.55 58.42 63.19 71.80
Mass  of regenerated straw cellulose (g) – – 0.1040 0.0767 0.0470

Table 3
Results of tests with recycling TBAH.

Cycle index of
experiments

Volume of TBAH
solution (mL)

Loss of TBAHa

(%)
Mass of wheat
strawsb (g)

Removal
rate (%)

1 5 – 0.250 58.42
2  5 2.3 0.244 54.24
3 5 3.4  0.236 51.16
4 5 2.1  0.231 49.18
5 5 3.7  0.222 45.12
6  5 4.5 0.212 41.34

a Mass of TBAH would slightly decrease during the reusing experiments due to the ope
b Mass of wheat straw was calculated based on ratio of TBAH to straw (m/m) 10:1 with
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Fig. 5. Range values of factors in orthogonal design experiments.

.5. The recycling of TBAH

According to the methods above, TBAH might be simply recov-
red and applied for dissolution and isolation of straw cellulose.
he verification tests were designed for checking the recyclability
f TBAH, with the results shown in Table 3. In view of operation
osses in dissolution and isolation process, the mass loss of TBAH
hould be considered.

As can be seen, it was noteworthy that the cycles 2–6 employed
ecycled TBAH as solvent for straw cellulose and exhibited a grad-
al decrease in removal rate of lignin and hemicelluloses from
4.24% to 41.34%, which met  the requirements for isolating straw
ellulose from wheat straw, indicating that no significant loss of
ctivity occurred during the recycling of TBAH. It is apparent that
his advantage will promote the industrial application of TBAH for
ellulose dissolution and isolation in future.

. Conclusion

In this article, the solubility of cellulose in tetra-n-Butylamm-
nium Hydroxide (TBAH) and an efficient approach for isolating

traw cellulose from wheat straw were investigated. Composition
nd structure analysis of regenerated straw cellulose indicated that
he dissolution and isolation of straw cellulose might be success-
ully achieved with TBAH. In the investigations of straw cellulose
ration losses.
 considering of the mass loss of TBAH.

isolation, four factors, including reaction temperature and time,
ratio of TBAH/straw and concentration of TBAH, were researched
respectively, with results indicating that reaction temperature had
greater influence on straw cellulose isolation, followed by concen-
tration of TBAH, ratio of TBAH/straw and reaction time. Optimal
conditions for straw cellulose isolation were obtained through
orthogonal experiments and listed as follows: reaction temper-
ature 60 ◦C; reaction time 40 min; concentration of TBAH 50%;
ratio of TBAH/straw 10:1. Furthermore, as a solvent of cellulose,
TBAH could be recycled several times with high activity retained.
In addition, bleaching with alkaline H2O2 might be an efficient
retreatment for regenerated straw cellulose.

In conclusion, the above results indicated that TBAH might be a
potential green solvent for dissolution and isolation of wheat straw
cellulose.
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