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a  b  s  t  r  a  c  t

In  this  study,  purified  bamboo  cellulose  was  used  to synthesize  cellulose  diacetate  (B-CDA).  The  syn-
thesis  was  controlled  by  determination  of  the  degree  of  substitution  and  insoluble  residue  content.  The
product then  was  characterized  by FTIR.  The  rheological  properties  of  B-CDA  solutions  in acetone/N,N-
dimethylacetamide  (DMAc)  solvent  system  were  systematically  investigated  on  an  advanced  rheometer,
including  the  dependence  of apparent  viscosity  ��, non-Newtonian  index  n,  and  structural  viscosity
eywords:
amboo cellulose
-CDA
cetone/DMAc solvent system
heological properties
pinnability

index  ��  on  the  concentration  and temperature  of  the  solutions.  B-CDA–acetone/DMAc  solution  is  a
shear-thinning  fluid.  With  increasing  solution  concentration  and  decreasing  temperature,  �� increased,
whereas  n decreased,  which  indicates  a deteriorating  spinnability.  Moreover,  the  values  of  the  viscous
flow activation  energy  E� based  on the  Arrhenius  equation  increased  when  the  shear  rate  �  was  enhanced,
which  indicates  that  the  �� of  the solution  is  more  sensitive  to  temperature  in the  higher  �  values.  The
results  are favorable  for  predicting  the  B-CDA  solution  spinnability.
. Introduction

With the rapid development of digitized video devices such as
CD monitors, the mechanical reinforcement of optically functional
aterials is of significant interest to various industries. Reinforce-
ents that use environmentally friendly and renewable cellulose

ave been considered because natural cellulose can provide the
esired mechanical reinforcement of optically functional mate-
ials. However, cellulose materials with components larger than
he visible light wavelength seriously interfere with light trans-

ission, which make them unsuitable for optical applications.
hus, nanocellulose prepared from natural raw materials exhibits
emarkable characteristics, such as being infinitesimally tiny, with
utstanding mechanical properties that can be perfectly applied
o optically functional materials (Abe, Iwamoto, & Yano, 2007;
eecroft & Ober, 1997; Novak, 1993; Yano et al., 2005).

Compared with traditional methods such as physical and chem-
cal techniques, the electrospinning technique is a more novel
echnique for fabricating nanomaterials, which has been widely
sed in the field of nanocellulose production due to the good con-

rollability of the product size and morphology (Li & Xia, 2004;
igmund et al., 2006; Thorvaldsson, Stenhamre, Gatenholm, &
alkenström, 2008). Cellulose, which is a linear polysaccharide
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consisting of ˇ(1-4)-linked anhydroglucopyranose units, cannot
dissolve in most common organic solvents because of extensive
intra- and inter-molecular hydrogen bonding (Appaw, Gilbert, &
Khan, 2007). As a result, cellulose is typically derivatized to facil-
itate dissolution in solvents for electrospinning. One of the most
important cellulose derivatives is cellulose acetate (CA), which is
obtained by native cellulose esterification in the presence of glacial
acetic acid as a solvent, acetic anhydride as an acetylating agent,
and sulfuric acid as a catalyst (Cerqueira, Filho, & Meireles, 2007;
Edgar et al., 2001; Sassi & Chanzy, 1995; Steinmeier, 2004).

Bamboo, an abundant regenerative natural bioresource in Asia
such as Chian, is a kind of fast-growing and early harvested veg-
etable. Bamboo cellulose has an important function in composites
because of its small environmental load, low weight, high adapt-
ability, and relatively high strength (Liu & Hu, 2008; Liu, Zhong,
Chang, Li, & Wu,  2010; Nitayaphat, Jiratumnukul, Charuchinda, &
Kittinaovarat, 2009; Wan  et al., 2011). Thus, bamboo cellulose is
an attractive candidate for strengthening natural cellulose. There
is little report about bamboo cellulose used in CA preparation.

Bamboo cellulose was  purified to achieve a �-cellulose con-
tent and brightness of 96.37% and 90%, respectively, which suited
the preparation requirements of commercially available CAs that
were used in this study. Subsequently, bamboo cellulose triac-
etate (B-CTA) was  first synthesized from purified bamboo cellulose
in a general acetylation medium containing glacial acetic acid,

acetic anhydride, and sulfuric acid. B-CTA was then hydrolyzed
to produce bamboo cellulose diacetate (B-CDA), which facilitated
the dissolution in an acetone/N,N-dimethylacetamide (DMAc)
(2:1, by weight) solvent system. The rheological properties of

dx.doi.org/10.1016/j.carbpol.2012.09.059
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:xionghanguo@163.com
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2 J. Cai et al. / Carbohydr

-CDA–acetone/DMAc solutions were systematically investigated
sing an advanced rheometer and are favorable for predicting the
olution spinnability, which is particularly significant before using
his solution in the spinning process.

. Experimental method

.1. Materials

The commercial bleach bamboo cellulose used in these exper-
ments was supplied by Guangxi Jia Yu Paper Pulp Co., Ltd. with

 �-cellulose content and brightness of 76.73% and 80%, respec-
ively. Methylene dichloride was produced from Shanghai Gaoyun
hemical Co., Ltd. Glacial acetic acid, acetic anhydride, sodium
ydroxide, sulfuric acid, hydrochloric acid, methanol, magnesium
cetate, ethyl alcohol acetone and N,N-dimethylacetamide (DMAc)
ere purchased from Sinopharm Chemical Reagent Co., Ltd. All

hemicals were of analytical reagent grade and used without fur-
her purification.

.2. Bamboo cellulose purification

Bamboo cellulose purification was performed as follows: a mix-
ure of oven-dried cellulose and 10 wt% sodium hydroxide solution
solid-to-liquid ratio – 1:50, w/w) was left in a polyethylene (PE)
lastic bag and kneaded every 15–20 min. After 1 h, the mixture
as filtered and washed with distilled water to attain a neutral pH.

he pre-treated sample was dried in a vacuum oven (pressure of
0 mm)  at 105 ◦C for 5 h.

.3. Preparation of bamboo cellulose diacetate (B-CDA)

Cellulose acetylation was carried out using a previously
escribed process as follows (He, Ming, Cui, & Wang, 2009;
odrigues, Silva, Meireles, Assuncao, & Otaguro, 2005): the well-
urified and dried cellulose (5 g), which was introduced in a
hree-necked, round-bottom flask equipped with an overhead stir-
er, was activated by impregnation in glacial acetic acid (9 mL  of
cetic acid for each gram of cellulose). This treatment compari-
on was conducted by another impregnation in 18 wt%  solution
f sodium hydroxide. The activated cellulose was then acetylated
ith a mixture of 25 mL  of acetic anhydride containing sulfuric acid

s a catalyst at a fixed temperature of 50 ◦C for 2.5 h. The catalyst
ontent was 4.5% (v/m) of purified cellulose.

After stopping the reaction, the bamboo cellulose triacetate (B-
TA) solution system was then heated to 60 ◦C and added with the
ydrolysis mixture (acid catalyst and acetic acid aqueous solution)
hile stirring for hydrolysis to begin. In successive experiments,

he mixture was  mechanically stirred for 3 h to obtain the desired
egree of substitution (DS). Subsequently, an excessive amount
f 21–24 wt% aqueous magnesium acetate solution was added
o neutralize the sulfuric acid. After completing the whole reac-
ion, distilled water was slowly poured into the reaction medium
ith constant stirring until no more precipitate was formed. The
roduced bamboo cellulose diacetate (B-CDA) was  separated by
acuum filtration and washed with distilled water to achieve a neu-
ral pH. Finally, the sample was dried in a vacuum oven (pressure
f 30 mm)  for 6 h at 60 ◦C.

.4. Chemical analysis

.4.1. Determination of the degree of substitution (DS)

The chemical degree of substitution (DS) is the average value of

COCH3 groups that replace hydroxyls in every glucose cycle. The
S of the acetylated samples were determined through a saponifi-
ation reaction (ASTM D 871-96), as follows.
lymers 92 (2013) 11– 18

Dry about 1 g of the sample was accurately weighed then trans-
ferred to a 250 mL  conical flask. Approximately 40 mL  of ethyl
alcohol (75 vol%) was  added to the flask, which was then warmed
to 60 ◦C for 30 min. Subsequently, 50 mL  of 0.5 N NaOH was added
to the system, which was  again heated at 60 ◦C and left to stand
for 15 min. The same procedure also included blank determination
and back titration with each set of samples for a control system.
The flasks were tightly stoppered and allowed to stand at 25 ◦C for
about 72 h. The excess alkali in the sample was  titrated with 0.5 N
HCl using phenolphthalein as the indicator. An excess of about 1 mL
of HCl was added, and NaOH was allowed to diffuse from the sample
overnight.

The disappearance of the pink color in the solution indicated the
complete neutralization of NaOH. The slight excess of HCl was  then
back titrated with NaOH (0.5 N) to a phenolphthalein end point
(i.e., until the faint pink color was  observed in the solution after
vigorously shaking the flask). The percentage of combined acetyl
was calculated from Eq. (1):

Acetyl% = [(V4 − V3)NNaOH + (V1 − V2)NHCl] × 4.305
W

(1)

To determine DS of the sample, Eq. (2) was defined as:

DS = 3.86 × Acetyl(%)
102.40 − Acetyl(%)

(2)

where V1 = NaOH volume required for titration of the sample;
V2 = NaOH volume required for titration of the blank; V3 = HCl vol-
ume  required for titration of the sample; V4 = HCl volume required
for titration of the blank; NNaOH = NaOH concentration; NHCl = HCl
concentration; W = weight of the sample.

2.4.2. Determination of the insoluble residue content (IRC)
Approximately 2.00 g of the sample was introduced in a l00 mL

round-bottom flask fitted with an overhead stirrer. About 40 mL  of
methylene dichloride/methanol (9:1, v/v) mixture was then added
to the mixture. After adding the solution, stirring continued for
2 h at room temperature. The reaction solution was  centrifuged at
3000 rpm for 30 min  to separate the soluble and insoluble portions.
The supernatant was then pipetted out, and the residue was washed
three times with mixed reagent. Finally, the soluble portions and
the insoluble residue were washed with ethyl alcohol (95 vol%) for
stabilization and dried in a vacuum until a constant weight was
achieved.

Eq. (3) was used in order to determine the insoluble residue
content (IRC).

IRC (%) = M

mtotal
× 100 (3)

where M is the weight of the insoluble residue and mtotal is the
weight of the sample.

2.5. Preparation of B-CDA–DMK/DMAc solutions

The various contents of the B-CDA sample were dissolved in
acetone/DMAc (2:1, by weight) system with mechanical stirring
for 1.5–2 h at room temperature. The homogenous and transparent
B-CDA–acetone/DMAc solutions were obtained with mass concen-
trations of 17, 19, 21, 22, 23, and 24 wt%.

2.6. Rheological behavior measurements

Rheological measurements were performed on an AR 2000

rotational rheometer with a parallel plate geometry, a diame-
ter of 40 mm,  and flat gap of 1 mm.  The parallel plate periphery
was covered with a thin layer of low-weight silicon oil to mini-
mize evaporation losses during the experiments. The shear stress
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Fig. 1. FTIR spectra of (A) pristine cellulose and (B) purified cellulose.

�)–shear rate (�) and apparent viscosity (��)–shear rate (�)
ependencies of the different B-CDA concentration solutions were
easured at various shear rates ranging from 0.001 s−1 to 400 s−1

ver 20–70 ◦C. All measurements were performed in triplicates.

.7. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the sample were recorded with a Nexus-470
ourier Transform Infrared Spectrophotometer. Thirty-two scans
ere accumulated for each spectrum at a resolution of 4 cm−1 in

he region from 4000 to 400 cm−1, using KBr pellets (1 mg  power
f samples/100 mg  KBr).

. Results and discussion

.1. Bamboo cellulose purification analysis

After purification, the bamboo cellulose with 96.37% �-
ellulose content and 90% brightness becomes suitable for the
roduction requirement of commercially available CAs. Apart
rom chemical determination, Fourier transform infrared spec-
roscopy (FTIR) was also used to study cellulose purification.
ig. 1 depicts the decreasing absorption intensity of the bands
ainly located at 1632.49 cm−1, which is generally assigned to

he stretching of the lignin carbonyl groups. Other important
spects observed in the IR spectrum are the reduced intensities
f the bands at 1417.43 cm−1 (aromatic ring vibrations of the
henylpropane skeleton), 1232.21 cm−1 (aryl–alkyl ether linkage),
nd 1159.02 cm−1 (lignin-alkyl ether base antisymmetric bridge
tretching). This characteristic indicates that lignin, hemicelluloses,
nd other impurities were more effectively removed from this
ellulose. On the other hand, the chromophore groups and the aux-
chrome groups presented lower intensity bands after purification
1062.11 cm−1 assigned to C O stretching as an example), which
orresponds to a higher whiteness of pre-treated cellulose.

.2. Characterization of the produced cellulose acetates

Bamboo cellulose was activated by two different meth-

ds, namely, 18 wt% solution of sodium hydroxide and acetic
cid glacial activation. The activation conditions are shown
n Table 1. The FTIR analysis of the samples at the same
cetylation conditions and in different activation conditions
Fig. 2. FTIR spectra of unmodified cellulose (A) and celluloses activated with acetic
acid glacial (B) and with 18% solution of sodium hydroxide (C).

is illustrated in Fig. 2. Curve A represents the IR spectrum of
unmodified cellulose. Curves B and C correspond to the acetylated
celluloses prepared in different activation conditions 1# and 2#

as indicated in Table 1, respectively. Curves B and C have several
differences compared with curve A. The IR spectra of the acetylated
samples are at the expected acetyl group vibrations of 1755 cm−1

( C O) and 1235 cm−1 (C O C). Moreover, the frequency band at
1375 cm−1 shows peaks of great intensity, which are attributed to

C H bending vibration and C CH3 stretching vibration in the
spectra of native and acetylated cellulose, respectively. Fig. 2 also
shows the comparison between the effect of activation conditions
1# and 2#. From Fig. 2, activation condition 2# is better than
activation condition 1# in promoting bamboo cellulose acetylation
because the area of the C O peak in curve C is larger than that of
curve B. During the activation process of method 1#, the activated
bamboo celluloses were washed with distilled water to obtain a
neutral pH in case sodium hydroxide reacts with acetic anhydride.
Water permeation in bamboo cellulose causes acetic anhydride
hydrolysis, which inhibits the acetylation reaction. However, in the
activation process of method 2#, bamboo celluloses were activated
with glacial acetic acid, which can easily enter the crystalline region
and inhibit acetic anhydride hydrolysis. The results in Table 1 also
show that method 2# is the better activation method for its shorter
activation time, higher acetylation degree, and lower insoluble
residue content. The results agree with those inferred from Fig. 2.

Fig. 3 shows the (i) FTIR spectra of the reaction mixtures in the
esterification process and (ii) FTIR spectra of native cellulose, B-CTA
and B-CDA.

As shown in Fig. 3(i), curves Ai, Bi, and Ci represent the reac-
tion mixtures removed from the acetylation medium at 15, 30,
and 90 min, respectively. The mixtures can be monitored by the
absorption band at 1827.76 cm−1 assigned to C(O stretching (acetic
anhydride), at 1755.81 cm−1 assigned to C O stretching (acyla-
tion product), and at 1722.14 cm−1 assigned to C O stretching
(glacial acetic acid). The absorption intensity of the bands located
at 1755.81 and 1722.14 cm−1 increased, but the band intensity at
18,277.76 cm−1 decreased with increasing reaction time (Fig. 3).
In the acylation process, the synthetic product is continuously dis-
solved in the reaction system, which exposes new hydroxyl groups

on the cellulose surface. These new hydroxyl groups take part in the
reaction again, which leads to declined acetic anhydride content
but increased product content. The acetylation reaction of bamboo
cellulose is continued until the system becomes homogeneous.
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Table 1
The different activation conditions for bamboo cellulose, and DS and IRC of the products.

Method Activation agent Activation time (h) Activation temperature (◦C) Acetylation time (h) DS IRC (%, w/w)
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1# Sodium hydroxide 2 20 

2# Acetic acid glacial 3 30 

The DS values of cellulose acetate have a great influence on sol-
bility. The CA samples with DS values above 2.8 (CTA) are only
oluble in chloroform, but the CA samples with DS values from
.2 to 2.7 (CDA) are soluble in acetone (Cao et al., 2007). In order
o obtain the acetone/DMAc-soluble B-CDA, the hydrolysis of pre-
ared B-CTA was  carried out to form products with the desired
S. As shown in Fig. 3(ii), curves Aii, Bii, and Cii correspond to
ative cellulose, B-CDA, and B-CTA with different DS of 0, 2.48,
nd 2.84, respectively. The B-CTA and B-CDA samples show similar
pectral features, which present an appearance of a CH3 band at
375 cm−1 as well as a strong intensity band at 1752 cm−1 for the

 O group from acetate. Comparing with native cellulose, these
dded groups characterize the material as an acetylated cellulose
erivative, namely, CA. Additionally, a broad band located at about
400 cm−1 exists, which corresponds to the OH group stretch-

ng in the cellulose acetate spectrum. The ratio between these two
ands (1752 cm−1/3400 cm−1) is used as a measure of the DS level.

 high ratio signifies a sample with a high DS because the cellu-
ose hydroxyl group is replaced by an acetate group during the
cetylation reaction (Hurtubise, 1962). An increase in the adsorp-
ion at 1752 cm−1 in the B-CTA sample than in the B-CDA sample
as observed (Fig. 3(ii)), which corroborates with the chemical DS.

.3. Characterization of the flow curves for B-CDA–DMK/DMAc
olutions

As is well known, the fluid flow behavior is an important index
f the quality and volatility of spinning fluid, and directly affects

pinnability. The shear stress (�) and apparent viscosity (��) were
etermined as a function of the shear rate (�) using an advanced
heometer to describe the general flow behavior of a fluid. For the

ig. 3. (i) FTIR spectra of reaction mixtures of esterification process at (Ai) 15, (Bi) 30
nd  (Ci) 90 min. (ii) FTIR spectra of (Aii) native cellulose, (Bii) B-CDA and (Cii) B-CTA
ith different DS of 0, 2.48, and 2.84.
2 2.22 26.69
2 0.18 55.74

presentation of the data either the � or �� is plotted against the � .
Thus, the obtained graph is defined as a rheogram (or flow curve).
The resulting flow curve shows the relationship between these two
fluid properties, namely, Newtonian fluid and non-Newtonian fluid
flow characteristics.

For a Newtonian fluid, in which the �� is independent of the
� , can be evaluated by using the Newtonian Model (Eq. (4))  (Rao,
2007, chap. 2):

�� = �

�
(4)

The shear stress (�) and the shear rate (�) are proportional to
each other, and a parameter (��), the apparent viscosity, charac-
terizes the value. The flow curve of a Newtonian fluid is linear, and
the slope of the straight line corresponds to the ��.

Non-Newtonian fluids, however, behave differently, and their
flow curves are generally curved lines with various shapes which
are usually presented in exponential function (Eq. (5)) (Rao, 2007,
chap. 2).

�� = K�n−1 (5)

For the exceptional case of a Newtonian fluid (flow index n = 1),
the consistency index K is identically equal to the viscosity of the
fluid, ��. When the value of n > 1 the fluid is shear-thickening and
when the value of n < 1 the fluid is shear-thinning in nature.

3.3.1. Different concentrations of the flow curve
The � and �� dependence of � was  investigated in the

B-CDA concentration range of 17–24 wt%  to determine the B-
CDA–acetone/DMAc solution flow regimes and the influence of
B-CDA concentration on solution shear flow. The flow curve for
the investigated solutions was observed in the 20–70 ◦C inter-
val corresponding to Fig. 4a–f. As shown in Fig. 4g, when � ,
decreased, �� gradually decreased for all concentration condi-
tions in this experimental temperature range. This shear-thinning
behavior indicates that B-CDA–acetone/DMAc solutions are typical
non-Newtonian fluids (pseudoplastic fluids). At the same tem-
perature, the B-CDA system with a higher solution concentration
showed more remarkable pseudoplastic characteristics. When the
B-CDA solution concentration was  below 17 wt%, � and �� were
affected less by � , which exhibits approximate Newtonian fluid
flow characteristics. In a B-CDA/acetone/DMAc system, a strong
hydrogen bond exists among hydroxyl groups on cellulose macro-
molecules, carbonyl unit in acetone, and acetyl groups on DMAc.
Thus, the B-CDA system, can form macromolecular chain entan-
glement and maintain an irregular internal order at rest, which
makes the relative motion of cellulose macromolecules difficult
(higher value of viscosity). The entanglement crosslinks in the
B-CDA solution is rebuilt and consistently destroyed, while a
dynamic equilibrium is achieved in a specific condition. Each of
the macromolecular chain aggregates only function as a temporary
crosslink when � increases, intermolecular resistance, intermolec-
ular action, and the crosslinks are destroyed, which results in
shear-thinning. Meanwhile, the macromolecular chain segments
among entanglement crosslinks could not relax and were proba-

bly oriented parallel to the flow field. Thus, the ability to transport
energy among solvated layers decreases. The driving force among
flow fields decreases, which could also allow the macromolecular
chains to slip past one other easily and decreases the ��. Another
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ig. 4. Flow curves �(�) of B-CDA–acetone/DMAc solutions with different concentr
olutions with different concentrations at 30 ◦C (g) and with different temperatures

xplanation for this phenomenon is the progressive shearing of
ow layers with increasing � , which decreases the interaction
mong cellulose macromolecules and leads to a consequent drop in
hear viscosity. When the added B-CDA samples are increased, the
ydrogen bond among B-CDA–acetone/DMAc solutions becomes
tronger, which corresponds to an increase in � at the same
emperature.

.3.2. Different temperature of the flow curve
The viscosity profiles for a 21 wt% B-CDA solution at dif-

erent temperatures were plotted to investigate the effect of
emperature on the decrease in viscosity (Fig. 4h). As shown in
ig. 4h, the true flow curves also showed a clear shear-thinning
henomenon, which indicates that the B-CDA–acetone/DMAc solu-
ions are typically pseudoplastic fluids. In the range of 20–70 ◦C,
he solutions progressed from strongly pseudoplastic to mildly
seudoplastic viscous flow behavior. At low temperatures (up
o 20 ◦C), pseudoplastic characteristics are highly remarkable.
owever, a further increase to 70 ◦C results in �� being less
ffected by � , which is close to the Newtonian fluids. The ��

alue of the B-CDA solution is very sensitive to temperature. As
he measuring temperature increases, the macromolecular chain
an disentangle and stretch, which easily allows the relative
otion of cellulose macromolecules. This result corresponds to the
ecreased �� of the solutions. At low temperatures, the hydro-
en bond forms and the intermolecular entanglement crosslink
ncreases, which translate to increased B-CDA solution viscos-
ty.
 at (a) 20, (b) 30, (c) 40, (d) 50, (c) 60 and (d) 70 ◦C, and flow curves ��(�) for B-CDA
e 21 wt% B-CDA concentration (f).

3.4. Non-Newtonian index n of B-CDA–acetone/DMAc solutions

It is a common practice in the research to apply the Power
Law Model (Ostwald-de-Waele model) to describe the non-
Newtonian flow characteristics of most polymer solutions in
theoretical analysis as well as in practical applications (Marcotte,
Hoshahili, & Ramaswamy, 2001). Therefore, the flow properties of
B-CDA–DMK/DMAc solutions were evaluated by using the Power
Law equation (Eq. (6)):

�  = K�n (6)

where the parameter K, the consistency coefficient, is sometimes
referred to as a viscosity related constant, and the exponent n, the
power law index, is dimensionless value that reflects the closeness
to Newtonian fluid flow.

To deal conveniently with the operation, Eq. (6) can be rewritten
in a logarithmic form as:

lg � = lg K + n lg � (7)

The plots of ln � versus ln � for a B-CDA concentration of 17–24 wt%
(according to Eq. (7)) are shown in the 20–70 ◦C interval corre-
sponding to Fig. 5a–f. Accordingly, the non-Newtonian index n
is obtained from the slope. Fig. 5g displays the flow index n in
the form of n = f(C), where n is smaller than 1. The flow index

sharply decreased until 21 wt%, and thereafter slowly decreased
with increasing B-CDA concentrations at 30 ◦C. The entanglement
crosslinks in the investigated solutions initially formed less fre-
quently at lower temperatures. The then intermolecular resistance



16 J. Cai et al. / Carbohydrate Polymers 92 (2013) 11– 18

F (e) 60
t

i
d
r
fl
w
i
n
d
t
N
T
t
s

3
s

e
o
e
C

�

w
e

ig. 5. ln �/ln � dependence on B-CDA concentration at (a) 20, (b) 30, (c) 40, (d) 50, 

emperature of 21 wt%  B-CDA concentration (h).

ncreases, whereas cellulose macromolecular chain free activities
ecrease with increasing B-CDA concentrations in solutions. This
esult leads to the increased extent of fleeing from Newtonian
uid. The curve for n in the form of n = f(T) is given in Fig. 5h,
hich corresponds to 21 wt% B-CDA solution. As shown in Fig. 5h,

ncreasing the temperature results in the gradual shift of the expo-
ent n to a higher value within the range 0–1. This gradual shift is
ue to the relative motion resistance of cellulose macromolecules,
he entanglement crosslinks, and the extent of deviation from the
ewtonian fluid, which decreases with the measured temperature.
herefore, the dependence of n on concentration and tempera-
ure of the solutions directly reflects the spinnability of the B-CDA
olutions.

.5. Structural viscosity index ��  of B-CDA–acetone/DMAc
olutions

The structural viscosity index (��) is another significant param-
ter that measures the spinnability of polymer melts and the quality
f cellulose derivative. ��, defined as follows, demonstrates the
xtent of structuralization of the spinning solution (Xu, Li, Yu, &
ao, 2008).(

d lg �˛

)
2
� = −

d�1/2
× 10 (8)

here ��  is structural viscosity index. �� and � denote the appar-
nt viscosity and the shear rate, respectively.
 and (f) 70 ◦C. Dependence of n on B-CDA concentration at 30 ◦C (g) and on solution

Aforementioned, intermolecular resistance and macromolec-
ular entanglement could result in numerous instant physical
crosslinking sites in the B-CDA solution. These entanglement
crosslinking sites counteract the orientation of cellulose macro-
molecules during the spinning process, thereby affecting B-CDA
quality. When ��  increases, the spinnability of the B-CDA solu-
tion becomes worse, which degrades the mechanical properties of
cellulose. Reducing ��  can weaken the structuralizing tendency of
the spinning flow and, therefore, improve spinnability.

Fig. 6a–f depicts the lg �–�1/2 curves for B-CDA concentra-
tions between 17 wt%  and 24 wt%  at different temperatures. The
B-CDA–acetone/DMAc solutions belong to the shear shinning fluid.
The B-CDA–acetone/DMAc solutions belong to the shear shinning
fluid. Tested the B-CDA–acetone/DMAc solutions belong to the
shear shinning fluid, so, their ��  is all greater than 0. According
to Fig. 6, �� decreases with increasing � , which indicates that �� is
always larger than 0. This result agrees with previous conclusions.
This phenomenon also occurs because shear stress partly destroys
the intermolecular entanglement crosslinks, orients the chain seg-
ments, and dissolves cellulose. The structural viscosity indices of
B-CDA solutions with different concentrations at 30 ◦C are illus-
trated in Fig. 6g. Along with increasing B-CDA concentrations, ��
also rose sharply. The sample concentration increments possibly
led to an increased collision chance among the cellulose molecules,

which promoted the formation of macromolecular chain entangle-
ments. Thus, the degree of B-CDA system structuralization sharply
increased, which indicated that solution spinnability worsened and
cellulose formation became extremely difficult. In addition, the ��
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The viscous flow activation energy, E�, is a useful measurement
of the dependence of solution viscosity on temperature and also
indicates the minimum energy needed by the reactants to undergo
ig. 6. lg ��–�1/2 curves for B-CDA concentration at (a) 20, (b) 30, (c) 40, (d) 50, (e) 60
f  21 wt%  B-CDA concentration (h).

alues of the B-CDA solutions are also affected by temperature.
ig. 6h indicates the dependence of ��  on measured tempera-
ures in the 21 wt% B-CDA concentration, from which ��  was
ound to decrease slightly with increasing temperature. An ele-
ated temperature possibly led to the increased distance between
he cellulose molecules, which reduced the formation of cellulose
hain aggregates. Accordingly, the extent of B-CDA system struc-
uralization occurred at a slightly lower level, which is favorable
or improving the B-CDA solution spinnability. However, a higher
emperature would result in a higher collision chance among the
ellulose molecules and cause spinning solution instability in the
pinning process. Therefore, controlling the B-CDA concentration
nd solution temperature during the spinning process is extremely
mportant.

.6. Viscose flow activation energy E� of B-CDA–acetone/DMAc
olutions

A range of temperatures is employed during the spinning of cel-
ulose solutions. Thus, the influence of temperature on viscosity
eeds to be documented. A common way to analyze the effect of
emperature on the viscosity of the B-CDA solutions at a specified

 is through the use of the Arrhenius equation:

� = A exp

(
�E�

RT

)
(9)
earranging Eq. (9) as follows is most convenient:

n �� = ln A + E�

RT
(10)
) 70 ◦C. Dependence of �� on concentration at 30 ◦C (g) and on solution temperature

where E� is the viscose flow activation energy of solution. T and
�� are the absolute temperature and apparent viscosity, respec-
tively. R is the universal gas constant with a recommended value
of R = 8.314 J/K mol  and constant A is a frequency factor.
Fig. 7. Dependence of �� on temperature of B-CDA–acetone/DMAc solutions with
different � .
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eaction. A high E� value means that the effect of temperature
n solution viscosity is also high. Changing fluid ability is possi-
le via temperature variation. The rising temperature promotes
he relative motion of cellulose macromolecules and the expan-
ion of solution space. Thus, the space between cellulose molecules
ecomes exaggerated and the fluid ability of solution improves,
hich accounts for the decrease of ��.

According to Eq. (10), the Arrhenius plots of ln �� versus inverse
emperature, 1/T, for the 21 wt% B-CDA solutions as a measurement
xample at several shear rates are shown in Fig. 7. Approximating
ach set of testing data with a linear dependence is possible, as
hown by the solid line for each � . E� is usually determined from
he slope of the Arrhenius plots, which are summarized in Fig. 7.
he E� values of the B-CDA solution at a fixed � slightly increased
ith increasing experimental temperature, which is related to the

hange in fluid ability of a solution. Moreover, E� slightly increases
s � increases, which indicates that �� of the B-CDA solution is
ore sensitive to temperature in higher � values.

. Conclusions

Bamboo cellulose was purified using a sodium hydroxide solu-
ion to achieve a 96.37% �-cellulose content and a 90% brightness,
hich are considered suitable for the preparation requirements of

ommercially available CAs. Purified bamboo cellulose was used for
he synthesis of B-CDA via activation reaction, acetylation reaction,
nd hydrolysis, which were controlled by determining DS and IRC.
he product was then investigated by FTIR. The prepared B-CDA
ample was directly dissolved in an acetone/DMAc solvent system,
nd the rheological properties were systematically investigated by
n advanced rheometer.

In this study, the activation method using glacial acetic acid is
etter than using sodium hydroxide solution because the former
as a shorter activation time, higher DS, and lower IRC, which
orrespond to the changes in characteristic absorbances in FTIR
pectra. Using the IR spectra to trace the esterification process,
he acetylation reaction of bamboo cellulose continues until the
ystem becomes homogeneous. From the IR analysis results, the
ewly added acyl groups characterize the reaction product as an
cetylated cellulose derivative, namely, CA, as opposed to native
ellulose. Moreover, the expected adsorption at 1752 cm−1 ( C O)
ncreased in the B-CDA (DS = 2.48) sample compared with the
-CTA sample (DS = 2.84), which is in accordance with the chem-

cal DS. According to the flow curves, the B-CDA/acetone/DMAc
olution is a typical shear-thinning fluid. The changes in the B-
DA concentration and the measured temperature have different

nfluences on the non-Newtonian index n. In the studied B-CDA
oncentration range, the n values are smaller than 1.0 and con-
inually decrease with increasing B-CDA concentration. In the
tudied temperature range, the exponent n gradually increases
s the temperature increases. In addition, with increasing B-CDA
oncentration, ��  sharply increased, yet slightly decreased with
ncreasing temperature. Therefore, controlling the B-CDA concen-
ration and solution temperature during the spinning process is
xtremely important. E� slightly increases as � increases, which
ndicates that �� of the B-CDA solution is more sensitive to tem-

erature in higher � values. The results are favorable for predicting
he spinnability of the B-CDA/acetone/DMAc solution, being par-
icularly significant before using this solution in the spinning
rocess.
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