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In this study, we prepared chemical staple fibers (CSFs) by plasticizing bleached coniferous pulps (BCPs)
with 1-allyl-3-methylimidazolium chloride (AMIMCI) under high temperature and pressure. It became
a transparent paper after hot-pressing when the mass ratio of AMIMCI to BCPs was 4 : 5. Interestingly, it
could be hot-pressed into a new transparent paper after the transparent paper prepared above was torn
into pieces. The morphologies of fibers showed that BCPs could be plasticized with AMIMCL. The glass
transition temperature (Ty) occurred in CSFs when the mass ratio of AMIMCI to BCPs was 4 : 5 and the
corresponding temperature was 149 °C, which was lower than the initial decomposition temperature,
therefore, CSFs could achieve workability to a certain extent. The plasticizing effect of AMIMCL on BCPs
was further verified by testing the properties of the paper. The plasticizing effects of 1-butyl-3-
methylimidazolium chloride (BMIMCl) and 1-ethyl-3-methylimidazolium acetate (EMIMAc) on BCPs
showed the universality of the method for preparing CSFs with AMIMCL.
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Introduction

There is increasing environmental concern over petroleum-
based polymers due to their ecological toxicity and non-
renewable nature. Biopolymers have great potential to replace
petroleum-originated polymers." These new biopolymers such
as cellulose, starch, protein, lignin and so on,”> must be biode-
gradable, coming from a natural and renewable origin, with
low-cost production and similar properties to conventional
polymers.?

Among the most promising biopolymers, cellulose which
consists of B-(1— 4)-linked glucose repeating units* is the most
abundant natural polymer and has numerous applications in
papermaking, film manufacturing, pharmaceuticals, textile and
food industries.>” Due to the numerous inter- and intra-
molecular hydrogen bonds and amphiphilicity of repeat units,®
cellulose can neither dissolve in common solvents nor melt at
elevated temperature even above the decomposition tempera-
ture, which makes this fantastic material difficult to process.>*°
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So far, several solvents have been used for cellulose disso-
lution and film preparation, including ionic liquids (ILs), N-
methylmorpholine-N-oxide, urea/NaOH, and ZnCl,. Among
these solvents, ILs were essentially the most promising green
solvent because of their negligible vapor pressure, low toxicity,
easy recyclability, non-flammability, high chemical and thermal
stability."*** Known as powerful solvents for cellulose and
wood, ILs have been extensively studied for the plasticization of
wood cell walls.*>*® Bulk wood samples treated with a small
amount of ILs could achieve large deformations under low
pressure without cell wall fracture.*® As early as in 2003, Mark P.
Scott has regarded ILs as replacements for traditional plasti-
cizers, with the potential to achieve materials that had better
thermal stability, and a wider temperature range of flexible
plastic  behavior.” As one of the ILs, 1-allyl-3-
methylimidazolium chloride (AMIMCI) is a powerful non-
derivatizing solvent for cellulose, and a solution containing
14.5 wt% cellulose can be prepared at 80 °Cwithout any
pretreatment.'® It was first synthesized in Zhang's group in
2003."°

Cellulose content in cotton is nearly to 100%,** which is the
purest natural cellulose®* and widely used in the textile industry.
We plasticized it and prepared chemical fibers successfully in
our previous work,* but it was rarely used in pulp and paper
industry due to the price of cotton was higher than bleached
coniferous pulps (BCPs). In terms of fiber length, BCPs are
shorter than cotton. BCPs which main components are cellu-
lose and a small amount of hemicellulose with the lignin
removed in the process of bleaching are widely used in pulp and
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paper industry.**** It has superior quality of brightness, soft-
ness and cleanliness in comparison to unbleached pulps.*

In this study, we prepared chemical staple fibers (CSFs) by
plasticizing BCPs with AMIMCI in a similar way to plasticize
cotton under high temperature and pressure. The purpose of
plasticizing was to reduce its melting point before it decom-
posed and achieved workability to a certain extent. There was no
waste liquid in the process as the liquid ratio was small and the
mass of AMIMCI was less than BCPs. Application of CSFs
prepared by AMIMCI in papermaking was also discussed.
Finally, in order to know whether the method of preparing CSFs
with  AMIMCI universal, we chose 1-butyl-3-
methylimidazolium chloride (BMIMCI) 1-ethyl-3-
methylimidazolium acetate (EMIMAc) for a simple experiment.

was
and

Experimental
Materials

BCPs were bleached kraft softwood pulps and provided by Nine
Dragons Paper (Taicang) Co. Ltd, China. AMIMCI (98%, melting
point 17 °C)* was purchased from Shanghai Chengjie Chemical
Co. Ltd, China.

Preparation of CSFs

The preparation process of CSFs was schematically shown in
Fig. 1. BCPs were kneaded with AMIMCI at mass ratios of 1 : 5,
2:5,3:5,4:5 at room temperature, respectively. Then, the
mixture was hot pressed for 1 minute at 160 °C, 2 MPa. It would
be a piece of paper after hot-pressing when the mass ratios of
AMIMCI to BCPs were 1: 5, 2 : 5, 3 : 5. This process could only
be hot pressed once and couldn't be repeated. However, it
would be a piece of transparent paper after hot-pressing when
the mass ratio of AMIMCI to BCPs was 4 : 5. Interestingly, it
could be hot pressed into a new piece of transparent paper after
the piece of transparent paper prepared above was torn to
pieces and this process could be repeated several times.

Characterization

The morphologies of samples were observed by a field emission
scanning electron microscope (FE-SEM, JSM-7600F, JEOL,
Japan). XRD spectra were obtained using an X-ray refractometer

D
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Fig. 1 Schematic of preparation of CSFs.
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(Ultima IV, Japan). The FT-IR spectra were obtained in a Fourier
transform infrared spectroscopy spectrometer (Vertex80 V,
Bruker, Germany). The thermal stabilities of the samples were
determined via Thermogravimetric (TG) analyses using a gravi-
metric analyzer TGA (Q5000IR, TA instruments, USA). The glass
transition temperature (T,) of samples was obtained by DSC 214
F1 Phoenix (Netzsch, Germany).

Properties of paper made from BCPs and CSFs

Paper was prepared by a PTI paper machine (RK-2A 0529, Aus-
tria). Physical properties of paper, including tensile strength,
burst strength, tear strength and folding strength were tested
according to Chinese standard. Tensile strength was measured
by tension meter (WZL-300, China). Burst strength was
measured by burst tester (YQ-Z-23A, China). Tear strength was
measured by tearing meter (J-SLY1000A, China). Folding
strength was measured by folding tester (ZZD-25B, China).

Results and discussion
Morphologies of BCPs and CSFs

The morphologies of BCPs and CSFs were shown in Fig. 2.
Fig. 2a showed the BCPs were intertwined in a random and
fluffy way with a mean diameter of 21.72 um. Fig. 2b showed the
BCPs were blended with AMIMCI. Its mean diameter was 28.89
um and it was larger than BCPs as the AMIMCI permeated the
BCPs, resulting in limited swelling. We could see the surfaces of
the BCPs were partially dissolved and became rough after
blending with AMIMCI. It still retained fibrous form and fibers
were randomly bonded together tightly after hot-pressing in
Fig. 2c and d. It was a transparent paper after hot-pressing when
the mass ratio of AMIMCI to BCPs was 4 : 5 due to the fact that
BCPs were plasticized with the addition of AMIMCI gradually
under high temperature and pressure.

The crystalline indices of BCPs and CSFs

Fig. 3 showed the X-ray diffraction spectrograms of BCPs and
CSFs, indicating that the crystalline structure was cellulose I in
all cases because of similar XRD patterns to those reported in
the literature for cellulose 1.** The degrees of crystallinity
calculated from the 26 peaks at I,,,, and I, were 34.6%, 39.6%,

Fig.2 (a) SEM of BCPs. (b) SEM of BCPs blending with AMIMCL. (c) SEM
of CSFs after hot-pressing when the mass ratios of AMIMCI to BCPs
werel:5,2:5, 3:5.(d) SEM of the CSFs after hot-pressing when the
mass ratio of AMIMCl to BCPs was 4 : 5.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray diffraction patterns of BCPs and CSFs.

47.1%, 52%, 56.3%, when the BCPs and the mass ratios of
AMIMCI to BCPs were 1: 5,2 :5,3:5,4: 5, respectively. It was
evident that the crystalline indices of the CSFs were higher than
BCPs. The increase in crystallinity was attributed to the amor-
phous regions were dissolved by AMIMCI under high tempera-
ture and pressure. The more AMIMCI was added, the higher
crystallinity was.

Chemical structures of BCPs and CSFs

The FT-IR spectra of BCPs and CSFs were shown in Fig. 4. The
dominant peaks in the region 3750 to 3000 cm™ ' were attrib-
uted to O-H groups which were associated with the stretching
vibrations in cellulose from inter-molecular and intra-
molecular hydrogen bonds* and C-H which was an unsatu-
rated carbon in the molecular structure of AMIMCI.>” The peaks
in the region 3000 to 2700 cm ™' were due to the stretching
vibrations of C-H which was saturated carbon in cellulose and
AMIMCI. The peaks in the region 1690 to 1500 cm ™' were due to
the stretching vibration of C=C in the molecular structure of
AMIMCI. That at 1370 cm™ ' showed C-H asymmetric defor-
mations.”® Additionally, absorption peaks caused by C-O were
observed near 1100 cm ™, 1050 cm ™' and 990 cm ™!, these were
typical absorption bands of cellulose.”® The results of FT-IR
analysis indicated that no new chemical structures occurred,
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Fig. 4 FT-IR spectra of BCPs and CSFs.
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Fig. 5 TG curves of BCPs and CSFs.

only initial characteristics were observed in the CSFs, and
proved that there was no chemical reaction between AMIMCI
and BCPs.

Thermal stabilities of BCPs and CSFs

As shown in Fig. 5, BCPs began to degrade at about 227 °C. The
initial decomposition temperature of CSFs was approximately
192 °C when the mass ratios of AMIMCI to BCPswere 1: 5,2 : 5,
3:5,4:5.

Fig. 6 presented the derivative thermogravimetric (DTG)
curves of the samples. The temperatures corresponding to the
maximum decomposition rates of BCPs were 360.17 °C and
CSFs were 273.70 °C (AMIMCI to BCPs was 1 : 5, w/w), 273.21 °C
(2:5),273.71 °C (3 : 5), 267.45 °C (4 : 5), respectively; although
thermal stability of CSFs was lower than BCPs, the temperatures
corresponding to the maximum decomposition rates of CSFs
were almost the same with the addition of AMIMCIL.

In brief, AMIMCI had large effect on the thermal stability of
BCPs in the beginning, then, the CSFs were very stable with the
addition of AMIMCI.

The glass transitions of CSFs

In terms of
phenomenon

molecular structure, the T, is a relaxation
of the amorphous part of the polymer from

Derivative Weight (%/min)

=204

360.17°C

T T T T T
100 200 300 400 500 600
Temperature (°C)

Fig. 6 DTG curves of BCPs and CSFs.
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Fig. 7 DSC curves of BCPs and CSFs.
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Fig. 8 Schematic of preparation of plasticized paper.

freezing to thawing.” Below the Ty, the polymer is in a glassy
state, the molecular chain and the chain segment cannot move,
but the atoms (or groups) which constitute the molecule vibrate
in its equilibrium position.** Above the T,, although the
molecular chain cannot move, the chain segment starts to
move, showing high elastic properties.®* If the temperature
continues to rise, the entire molecular chain will move and
show viscous flow properties.*>** We can further confirm BCPs
are plasticized by AMIMCI through it.

DSC curves of CSFs were shown in Fig. 7. There were no
exothermic peak of BCPs and CSFs when the mass ratios of
AMIMCI to BCPswere 1 : 5,2 : 5, 3 : 5. However, the exothermic
peak occurred when the mass ratio of AMIMCI to BCPswas 4 : 5
and the corresponding temperature was 149 °C, which was
lower than the initial decomposition temperatures of CSFs in

Table 1 Physical properties of paper and plasticized paper

View Article Online
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Fig. 5, therefore, CSFs could achieve workability to a certain
extent. It was the same to the phenomenon in Fig. 1.

Application of CSFs in papermaking

We should have prepared plasticized paper with CSFs, but water
was needed in the process of papermaking, which would lead to
the loss of AMIMCI, affecting the later plasticizing effect. In
order to test the physical properties of plasticized paper made
from CSFs, we adopted another method, which was schemati-
cally shown in Fig. 8. Firstly, we prepared paper with BCPs
(beating degree was 15). Secondly, we coated paper evenly with
AMIMCI which was uniformly dispersed in a small amount of
water according to the above mass ratios. Thirdly, paper was
dried in an oven. Finally, plasticized paper was prepared under
hot-pressing. It wouldn't be a new piece of paper after hot-
pressing when the mass ratios of AMIMCI to paper were 1 : 5,
2:5, 3:5. It would be a new piece of transparent paper after
hot-pressing when the mass ratio of AMIMCI to paper was 4 : 5.
This was the same as the phenomenon in Fig. 1 and 7, con-
firming that the paper was indeed plasticized by AMIMCI. For
better comparison, unplasticized paper made from BCPs was
also hot pressed under the same conditions.

The physical properties of paper and plasticized paper could
be seen in Table 1. The grammage of all dried paper was 100 g
m~ 2 and the density was about 0.67 g cm . The tensile index
increased with the increase of the mass proportion of AMIMCI.
The burst index increased continuously from sample 1 to
sample 3 and then tended to be stable. The reason for this
phenomenon was that the fibers of BCPs were initially bonded
by hydrogen bonds. The bonding between fibers was enhanced
due to the interaction between the melt formed by melting after
BCPs were plasticized into CSFs. AMIMCI had little effect on the
tear index, but great effect on the folding strength. The folding
strength increased with the increase of the mass proportion of

W e
160°C 28Pal ' Hot-pressing
— *+ —
+ Water drying _
BMIMCl+Water ~ BCPs Hot-pressing A picce of paper A new piece of paper
-
0 + 160°C 2¥iEall B o -
— —_—
M Kneading r

EMIMAc BCPs Hot-pressing A picce of paper Anew picce of paper

Fig. 9 Plasticizing effects of BMIMCl and EMIMAc on BCPs.

AMIMCI : paper ~ Grammage of dried  Density [g  Tensile index  Burst index
Sample  (w/w) paper [g m?] em™?] [Nmg] [kPa-m?g ']  Tear index [mN-m* g ']  Folding strength
1 0 100 0.63 9.044 0.40 0.22 5
2 1:5 100 0.65 9.629 0.75 0.30 8
3 2:5 100 0.67 12.66 1.20 0.23 29
4 3:5 100 0.71 14.25 1.20 0.25 33
5 4:5 100 0.67 16.06 1.18 0.25 60
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Fig. 10 TG curves of CSFs prepared by BMIMCL and EMIMACc.

AMIMCI, especially for sample 5, which increased significantly,
further indicating the plasticizing effect of AMIMCI on BCPs.

Plasticizing effects of other ILs on BCPs

In order to know whether the method of preparing CSFs with
AMIMCI was universal, we chose BMIMCI and EMIMAc for
a simple experiment. They were all purchased from Shanghai
Chengjie Chemical Co. Ltd, China. The plasticizing effects of
two ILs on BCPs were shown in Fig. 9 and Fig. 11. The mass ratio
of IL to BCPs we chose was 4 : 5, which was the best plasticizing
mass ratio for AMIMCL. BMIMCI (melting point was 70 °C) was
solid at room temperature, so we adopted the method shown in
Fig. 9. Both BMIMCI and EMIMAc plasticized BCPs could be hot
pressed into a piece of paper and then hot pressed for a second
time, which was similar to the effect in Fig. 1. DSC curves of
CSFs prepared by BMIMCI and EMIMAc were shown in Fig. 11.
T, was 169 °C and 143 °C respectively with the appearance of
exothermic peaks, which was lower than the initial decompo-
sition temperatures in Fig. 10 and directly confirmed that BCPs
were plasticized by two ILs. In short, the above results indicated
that the preparation method of CSFs was applicable not only to
AMIMCI but also to other ILs.

0.1

—— CSFs prepared by BMIMCI
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/—\‘_/—"//_7/\
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Fig. 11 DSC curves of CSFs prepared by BMIMCl and EMIMAc.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Conclusions

CSFs were successfully prepared in this work. The morphologies
of fibers showed that BCPs could be plasticized with AMIMCI.
The crystallinity of CSFs increased as the amorphous regions
were dissolved by AMIMCI under high temperature and pres-
sure. The results of FT-IR analysis indicated that no new
chemical structures occurred and BCPs were just physically
plasticized in this process. TG and DTG showed that AMIMCI
had large effect on the thermal stability of BCPs in the begin-
ning, but the CSFs were very stable with the addition of
AMIMCI. The T, occurred in CSFs when the mass ratio of
AMIMCI to BCPs was 4 : 5 and the corresponding temperature
was 149 °C, which was lower than the initial decomposition
temperature, therefore, CSFs could achieve workability to
a certain extent. The plasticizing effect of AMIMCI on BCPs was
further verified by testing the properties of paper. The plasti-
cizing effects of BMIMCI and EMIMAc on BCPs showed the
universality of the method of preparing CSFs with AMIMCI.
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