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ABSTRACT: The different melting temperatures of
N-methyl morpholine N-oxide (NMMO) hydrates in the
cellulose–NMMO hydrate solution may be explained by the
rather different crystal structures of NMMO hydrates, which
are determined by the amount of the hydrates. The prepar-
ative process of cellulose–NMMO hydrate solution may re-
sult in cellulose structural change from cellulose I to cellu-
lose II, depending on the amount of the hydrate. Mixtures of
cellulose and NMMO hydrate in a blender was changed
from the granules to slurry with increasing mixing time at
60–70°C, which is below the melting point of the NMMO
hydrate. In the case of 15 wt % cellulose–NMMO hydrate
granules, which were made by mixing for 20 min, the melt-
ing points of various NMMO hydrates were obtained as
77.8°C (n � 0.83), 70.2°C (n � 0.97), and 69.7°C (n � 1.23),
respectively, depending on the hydrate number. However,

the melting points of cellulose–NMMO hydrate slurry and
solution were shifted lower than those of cellulose granules,
while the mixing time of slurry and solution are 25 and 35
min, respectively. These melting behaviors indicate instan-
taneous liquefaction of the NMMO hydrate and the diffu-
sion of the NMMO hydrate into cellulose during mixing in
a blender. When cellulose was completely dissolved in
NMMO hydrate, the crystal structure of cellulose showed
only cellulose II structure. In the cellulose–NMMO products
of granules or slurry obtained by high-speed mixing, which
is a new preparation method, they still retained the original
cellulose I structure. © 2004 Wiley Periodicals, Inc. J Appl Polym
Sci 93: 1687–1697, 2004
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INTRODUCTION

Viscose processes have been most widely used in
manufacturing rayon fibers. The cellulose fibers pro-
duced by the viscose process are called “rayon fiber,”
which means regenerated cellulose fiber. They are
prepared via two chemical steps: blocking, and regen-
eration of the hydroxyl groups in the cellulose mole-
cule. The viscose processes require the use of toxic
chemicals such as carbon disulfide, leading to an en-
vironmental problem. Furthermore, they have low
productivity and they are intensive energy-consuming
processes.

Franks and Varga found that N-methyl morpholine
N-oxide (NMMO) can dissolve cellulose without any
chemical treatment.1 Varga and other researchers also
reported that various concentrated cellulose solutions
were obtained from an aqueous NMMO solution con-
taining cellulose, depending on effective preparative
methods of cellulose solutions.2–4 Recently, more pro-
duction techniques of cellulose fibers were developed

and reported by Courtaulds (Tencel process),5 KIST
(Cocel process),6 TITK-Zimmer (Alceru process),7 Len-
zing (Lyocel process),8 and Akzo-Courtaulds (New-
Cell process).9 Solvent-spun cellulose fibers obtained
by these processes were defined as a generic name,
lyocell, in 1992, by the American Federal Trade Com-
mission.10

Four typical different preparative methods of the
cellulose solutions have been reviewed and summa-
rized below. McCorsely et al. reported that the cellu-
lose solution could be prepared by swelling cellulose
in 78 wt % NMMO hydrate (degree of hydration, n
� 1.65), after which excess water was eliminated by
evaporation.11–14 In 1992, Zikeli et al. reported that
cellulose was swollen in 60 wt % aqueous NMMO,
and it was passed through a screw extruder with a
pan-shaped blade. Here, water in the cellulose solu-
tion is evaporated through holes, and the cellulose
solution is heated in a thin film evaporator.15 McCors-
ley et al. again reported a different preparative
method in which a cellulose pulp sheet was used, and
it was swollen in 85 wt % NMMO hydrate.16 They also
tried to make cellulose solution by simply mixing
cellulose and NMMO hydrate powders, followed by
passing them through an extruder at 85–95°C.17
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Lee et al. made cellulose solution by putting cellu-
lose and NMMO hydrates into a blender at room
temperature, then mixing them at 50–60°C, and pass-
ing them through a single screw extruder.18 The pre-
mixture of cellulose and NMMO hydrate in a blender
showed a round shape, and this premixture was
shown to be easily conveyed. It was also shown that
this premixture can prevent the degradation of the
molecular weight of the cellulose because it can be
made within 20 min.18

Preparative methods of cellulose solution in
NMMO solvent can be classified as the evaporation
method and direct method. In the evaporation
method, cellulose in NMMO hydrate with n � 1.65 is
swollen, and then it is concentrated to obtain an
NMMO hydrate of n � 1.0 or n � 1.0 by removing
water in an evaporator.19,20 This method requires a
long process time for the elimination of excess water,
and tends to degrade the cellulose and NMMO hy-
drate. In the direct method, which was explained pre-
viously,18 NMMO hydrate with n � 1 is used to pro-
duce the cellulose solution.

During cellulose dissolving, a small amount of wa-
ter included in the NMMO swells cellulose fibrils so
that NMMO molecules can penetrate them. Cellulose
is only swollen in NMMO hydrate when with n
� 1.65, but cellulose is swollen and then dissolved
consecutively when n � 1.65.1 The NMMO hydrate
with n � 1.5 can completely dissolve cellulose only at
temperatures higher than its melting temperature (Tm,
78°C in the case of NMMO monohydrate with n
� 1.0).21 However, it takes a long time to dissolve
cellulose because the cellulose solution has a higher
viscosity when n � 1.5. When the cellulose solution is
maintained at a high temperature (�Tm) for such a
long time, thermal decomposition of cellulose takes
place in the absence of an antioxidant such as n-Propyl
gallate. The cellulose solution is generally very viscous
and thermally unstable.22 For example, the degree of
polymerization (DPw) of cellulose in NMMO mono-
hydrate without any antioxidants drops from 600 to
200 in 10 min at 130°C.23 Also, the cellulose in NMMO
hydrate experiences morphological and structural
transformations depending on the water content in the
NMMO.24

Recently, we reported that the cellulose solution
formed pelletized granules without complete dissolv-
ing or swelling of the cellulose in which NMMO hy-
drate penetrated into the cellulose. Solid–solid blend-
ing and milling of cellulose and NMMO powders in a
blender, while mixing at high speed, yielded an ag-
glomerated cellulose–NMMO. These pelletized gran-
ules can be dissolved and solidified rapidly. Gener-
ally, solidification of a cellulose solution or swollen
cellulose in liquid NMMO is progressed very slowly.
Also, the cellulose solution in NMMO hydrates for
conventional lyocell fiber spinning is prepared by dis-

solving the swollen cellulose in NMMO hydrate with
the removal of excess water, which takes a long
time.25,26

This article describes the physical agglomeration
behaviors in preparation of cellulose–NMMO hydrate
particles by simple mixing, and the structural change
of cellulose in a new lyocell fiber processing.

EXPERIMENTAL

Materials

The powder NMMO containing 3 to 22 wt % water
was prepared by removing extra water from NMMO/
H2O (50 wt %/50 wt %), which is available from
Aldrich Co. (Milwaukee, WI). Aqueous 50 wt %
NMMO was condensed in a rotary evaporator at 60–
100°C for 3 h at reduced pressure (10�3–10�4 Torr) to
various desired water levels. The condensed NMMO
was solidified at room temperature, and then it was
stored in a dry bottle in nitrogen atmosphere.

The cellulose samples, Rayonex-P and Cellunier-F,
were obtained from ITT Rayonier Co. (USA), whose
weight-average degree of polymerization was 975
[(IV) � 4.80] and 670 [(IV) � 3.43], respectively. These
cellulose samples contained less than 5 wt % water
content at room temperature. These cellulose samples
were dried in a vacuum oven at 10�3–10�4 Torr, 80°C
for 24 h prior to use. The water content of the dried
cellulose was below 0.03 wt %.

Measurement of molecular weight of cellulose

To begin with, 1 mol cupriethylene diamine (CUENE)
solution was prepared according to ASTM-D 539-51T.
The ratio of ethylene diamine to copper ranged from
1.95 to 2.0.

The cellulose solution in NMMO hydrate was im-
mersed in distilled water to eliminate NMMO from
the solution. After removing NMMO, the cellulose
was dried for 4 h at 10�3–10�4 Torr and 105°C. Cellu-
lose specimens of 100, 200, 300, and 400 � 0.3 mg were
placed in 50 mL of distilled water and then the solu-
tion was stirred. Into this bottle, 50 mL of the 1-mol
CUENE solution was added and stirred to make a
homogeneous solution in nitrogen atmosphere. The
solution was filtered through a glass filter in nitrogen
atmosphere and the flow time was measured with an
Ubbelhode type viscometer (No. 1 C503, No.1 H58;
Fischer Co.) at 25 � 0.1°C (ASTM-D 1795-62).

Preparation of cellulose–NMMO solution

Powder cellulose–NMMO granules and slurry made
with a blender

Cellulose pulp sheets and powder NMMO with spe-
cific water content were pulverized and homogenized
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by mixing them in a high-speed blender. The blending
was carried out in a blender having knife-edged
blades at 1500 rpm.18 During high-speed blending and
milling, the generated heat was removed by circulat-
ing cooling water outside of the blender to keep the
temperature of the mixture below 70°C. When mixing
for 20 min at 60°C in a blender, the cellulose pulp
sheets and powder NMMO were converted round
granules (sample A). This mixing condition was
proven to be sufficient for powder NMMO to diffuse
into cellulose and to agglomerate without any swell-
ing or dissolving of cellulose. When the mixing time is
20–25 min at 65°C, cellulose pulp sheets were con-
verted to slurry of cellulose–NMMO hydrate (sample
B). When the mixing time is increased to 20–25 min,
the formation of the cellulose–NMMO product was
changed from granules to sticky slurry with high vis-
cosity. Both cellulose–NMMO granules (A) and slurry
(B) exhibited fast solidification behavior. Cellulose–
NMMO granules were solidified within a few sec-
onds, while slurry was solidified within a few minutes
at room temperature.

Fine cellulose powder was obtained by using a
blender with high speed mixing at 1500 rpm. When this
fine cellulose powder and liquid NMMO hydrate were
mixed at 70°C for 30 min, the liquid NMMO hydrate was
impregnated into the cellulose powder, resulting in cel-
lulose–NMMO hydrate slurry with specific water con-
tent homogeneously. This cellulose–NMMO hydrate
slurry has lower viscosity, and the cellulose in the slurry
is in a swollen state. Because of this swollen cellulose in
the slurry, this swollen cellulose–NMMO hydrate slurry
exhibited slow solidification behavior at room tempera-
ture. This swollen slurry required a few hours to be
solidified (sample C).

Condensed cellulose–NMMO solutions made by
using processing equipments

A homogeneous cellulose solution (sample D) was
prepared by dissolving the solidified cellulose–
NMMO granules (A) in a single-screw extruder (L/D
� 33) equipped with degassing units, where L and D
are length and diameter of the single-screw extruder,
respectively. Temperature of the extruder melting

zone was set to 110°C, and passing time through the
extruder was 5 min when the screw was set to 10 rpm.
Concentrations of cellulose in the cellulose–NMMO
solutions that were made with this extruder were 10
and 15 wt %.

To compare the solution preparation time of the
direct method (D) with that of the evaporation
method, a cellulose solution was prepared by the
evaporation method (sample E). Cellulose was swol-
len in 78 wt % NMMO hydrate (n � 1.65), and excess
water was eliminated by evaporation at 10�3–10�4

Torr, at 90°C for more than 3 h. Concentration of
cellulose in this solution was 10 wt %. The solution
was prepared by using a beaker-type batch reactor
with stirring system having four blades.

Table I describes the various preparative methods of
cellulose samples A through E.

Measurements of physical properties

The hydrate amount in NMMO was determined using
a method suggested by Fischer.27 The measured water
content of 3 to 22 wt % in the NMMO hydrates corre-
sponded to the values of n of 0.23 to 1.65.

The thermal properties of NMMO hydrates, cellu-
lose–NMMO granules, cellulose–NMMO slurry, and
cellulose–NMMO solution were measured by using
the Perkin-Elmer differential scanning calorimeter
(DSC) 7 in a nitrogen atmosphere. The DSC was
equipped with a stainless steel capsule to withstand
high pressure generated by water steam. The temper-
ature scan rate range was set to 2, 5, or 10°C/min.
Before the DSC measurements, the instrument was
calibrated according to the standard DuPont proce-
dure.

Optical microscopic observation of the samples was
performed by using Nikon polarizing microscope
(Type 104) equipped with a camera and hot stage
(Toledo Co.). Temperature of the samples was mea-
sured after placing the sample between parallel slide
glasses. The temperature of the hot stage on the optical
microscope ranged from room temperature to 120°C.

Wide-angle X-ray diffraction (WAXD) patterns of
the samples were obtained by using MX18 X-ray dif-

TABLE I
Summary of Experimental Conditions of Various Preparative Methods of Cellulose–NMMO Hydrate Samples

Sample code

Experimental conditions

Shape type Temperature (°C) Time (min) Equipment type

A Granules 60 10–20 Blender
B Slurry 65 20–25 Blender
C Swollen 70 30 Blender
D Solution 110 5 Extruder
E Solution 90 180 Batch reactor
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fractometer (Mac Science Co.) with CuK� radiation (�
� 1.5405 Å).

RESULTS AND DISCUSSIONS

Change of molecular weight of cellulose in
solution during swelling and dissolving

The NMMO hydrate with n � 1.5 can completely
dissolve cellulose only at temperatures higher than its
melting temperature (Tm, 78°C in the case of NMMO
monohydrate with n � 1.0).21 However, it takes a long
time to dissolve cellulose because the cellulose solu-
tion has a higher viscosity when n � 1.5, and to reduce
the water content in the NMMO hydrate. Also, when
the cellulose solution is maintained at a high temper-
ature (�Tm) for a long time, thermal decomposition of
cellulose takes place in the absence of an antioxidant
such as n-Propyl gallate. This can be explained by a
reduction of DPw of cellulose with dissolution time.

Two cellulose specimens were taken from the dis-
solution system at the desired time and its specific
viscosity in CUENE was measured by using a Ubbel-
hode viscometer at 25°C. Table II shows variation of
intrinsic viscosity (IV) in dL/g and DPw of the cellu-
lose specimens at 10 wt % concentration with dissolu-
tion time. The molecular weight of cellulose is deter-
mined by the following equation,28 which indicates
that the intrinsic viscosity is related to the DPw.

IV � 0.98 � 10�2 DPw0.9

When using the evaporation method, a notable re-
duction of molecular weight of the cellulose is ob-
served. Thus, it can be further determined that a cel-
lulose–NMMO solution made by the direct method
with a single-screw extruder is more useful than that
made by evaporation method.

Thermal properties of various NMMO hydrates

The condensed NMMO hydrates of n � 1.35–0.23 have
water content enough to dissolve cellulose completely.
NMMO has been known to form anhydrous NMMO or
one of two stable crystalline hydrates that are NMMO/
H2O (monohydrate, n � 1.0) and NMMO/2.5H2O (n
� 2.5).29 These NMMO and NMMO hydrates have quite
different crystal structures. The NMMO hydrates are
frequently explained as a series of binary compound
consisting of two components and each compound acts
as a single substance when reacting with cellulose.

DSC heating thermograms of various NMMO hy-
drates having specific water content, which were ob-
tained by the removal of excess water from aqueous 50
wt % NMMO (n � 3.76), are presented in Figure 1. The
NMMO hydrates of 82.05 (n � 1.35), 84.97 (n � 1.13),
88.03 (n � 0.9), 88.96 (n � 0.83), 94.02 (n � 0.45), and
96.94 wt % (n � 0.23) condensed from aqueous 50 wt
% NMMO are composed of two homogeneous mix-
tures of anhydrous NMMO (n � 0) and NMMO/H2O
(n � 1.0), or NMMO/H2O (n � 1.0) and NMMO/
2.5H2O (n � 2.5).30 As shown in the DSC heating
curves of the condensed NMMO hydrates having less
water content than NMMO/H2O (n � 0.9), solid–solid
phase transition point and the depressed melting
point of anhydrous NMMO in 94.02 wt % (n � 0.45)
condensed NMMO hydrate were observed at about 98
and 140°C at heating rate of 5°C/min, respectively.
However, those in n � 0.9 condensed NMMO hydrate
did not exhibit two melting points, but showed a
single melting point. The melting points in n � 0.83
condensed NMMO hydrate are more prominent with
the NMMO hydrate with smaller values of n, verifying
the coexistence of various crystal structures.30 In the
case of n � 1.13 and n � 1.35, the endothermic peaks
of NMMO hydrates DSC curves were observed at
39°C at heating rate of 2°C/min. The endothermic
peaks and the shape of DSC curves are almost identi-
cal those reported previously by other researchers.21

Figure 1 shows that the melting points of NMMO
hydrates increase with decreasing water contents or
with increasing heating rate. This may be attributed to
different crystal structures because the NMMO hy-
drates crystal structures are different depending on
the amount of water contents. Figure 2 shows an
NMMO molecule, crystal structures of NMMO, and
two stable NMMO hydrates. Anhydrous NMMO and
NMMO hydrates have the crystal structures with the
following lattice constants: axis a � 9.87, b � 6.62, c
� 5.11 Å, and � � 111.54° (anhydrous NMMO, n � 0);
a � 25.48, b � 6.04, c � 9.19 Å, and � � 99.88°
(NMMO/H2O, n � 0); a � 12.8, b � 6.5, c � 21.91 Å,
and � � 109.99° (NMMO/2.5H2O, n � 2.5). All of
them are monoclinic lattice unit cells.29

TABLE II
Variation of Molecular Weight of Cellulose (Rayonex-P)

and Intrinsic Viscosity during Dissolving in NMMO
Hydrate with n � 1.0 (Cellulose Content: 10 wt %)

Evaporation
methoda Direct methodb

DPw IV(dL/g) DPw IV(dL/g)

Cellulose pulp 974.77 4.80 974.77 4.80
Solution 708.08 3.60 851.55 4.25
1 h aging (at 90°C)c 673.20 3.44 829.33 4.15

a Sample E method in Table I—solution preparative time:
180 min.

b Sample D method in Table I—solution preparative time:
35 min.

c Sample obtained by heat treatment of 1a and 2b solution
samples in oven.
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Thermal properties of cellulose–NMMO hydrate
granules and slurry

In general, when making cellulose solution with
higher than 5 wt % concentration, specific volume of
powder cellulose sample is larger than that of powder
NMMO hydrate. Therefore, if the powder cellulose is
included in a blender after melting powder NMMO
hydrate first, then it is impossible to obtain uniform
cellulose–NMMO hydrate solution because the melt
NMMO hydrate can dissolve only small portion cel-
lulose having higher volume. Therefore, when pow-
der cellulose and powder NMMO hydrate are simply
mixed at a temperature below melting point by high-
speed mixing, NMMO hydrates diffuse into cellulose
and reduce cellulose volume by pulling the cellulose
molecules more closely inside the cellulose. Therefore,
the relative volume of NMMO hydrates is larger than

cellulose, and hence, they can be mixed more uni-
formly. Heating this mixture at a temperature above
the melting point of NMMO hydrates can dissolve
cellulose homogeneously.

To make a uniform cellulose–NMMO hydrate solu-
tion, the mixing temperatures for obtaining agglomer-
ated sample as granules and slurry were set at 60 and
65°C, which are below the melting point (80.9°C) of
NMMO hydrate with n � 0.97 at heating scan rate of
10°C/min. Powder cellulose–NMMO granules were
produced by high-speed mixing in a blender, while
keeping the mixture at a temperature high enough for
NMMO to diffuse into the cellulose without complete
dissolving or swelling of the cellulose.

Figure 3 shows an optical micrograph of a simple
homogeneous mixture of powder cellulose and
NMMO hydrate without high-speed mixing. Figure 3

Figure 1 DSC heating thermograms of various condensed NMMO hydrates having specific contents of water [heating scan
rate: (a) 2, (b) 5, and (c) 10°C/min].
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indicates that this simple mixture of cellulose–NMMO
hydrate does not have agglomerated granules at all.
When this simple mixture is additionally mixed by
high-speed blending, it starts to form granules. Figure
4(a) shows an optical micrograph of powder cellulose–
NMMO granules formed by high-speed mixing at
60°C for 10 min. Figure 4(b) shows that the produced
granule size increase as the mixing time increase to 20
min from 10 min. When the mixing time was extended
5 min more at 65°C, the granules changed to form
sticky slurry completely, as shown in Figure 5. This
cellulose–NMMO slurry is very adhesive and viscose
that indicates a homogeneous dispersion and penetra-
tion of NMMO into the cellulose can be achieved at
higher temperature and longer mixing time than the
granules preparation conditions.

The DSC heating curves for the cellulose–NMMO
granules formed by high-speed mixing are shown in
Figure 6. Their melting behaviors are similar to those

Figure 2 Schematic drawings of (a) NMMO molecule, crys-
tal structures of (b) anhydrous NMMO (n � 0), (c) NMMO/
H2O (n � 1.0), and (d) NMMO/2.5 H2O (n � 2.5).29

Figure 3 Optical micrograph of a simple homogeneous
mixture of powder cellulose and NMMO hydrate having a
water content of 12.9 wt % (n � 0.97).

Figure 4 Optical micrograph of powder cellulose–NMMO
hydrate granules formed by high speed mixing at 60°C of
powder cellulose and NMMO hydrate having a water con-
tent of 12.9 wt % (n � 0.97), mixing time: (a) 10 and (b) 20
min.
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of the condensed NMMO hydrates. The melting tem-
perature increased with decreasing water content in
the NMMO hydrate or with increasing heating scan
rate. All DSC thermograms in this figure show the
lower melting peaks than those of the NMMO hy-
drates of Figure 1, and broader thermograms.

Table III describes the melting point depression of
various cellulose–NMMO hydrates samples depend-
ing on the cellulose concentration and the water con-
tent of NMMO hydrate at heating scan rate of 5 and
10°C/min. When the cellulose concentration is 12 wt
% and the water content of NMMO hydrates in-
creases, the melting temperature of NMMO hydrates
in cellulose–NMMO samples were shown to decrease
(from A to D). The melting point depression depended
strongly on the water content of NMMO hydrates
rather than the effect of the cellulose concentration in
the sample.

Cellulose–NMMO granules were solidified rapidly
within a few seconds, while agglomerated slurry was
solidified within a few minutes at room temperature.
It seemed that the existence of cellulose in the NMMO

hydrate samples may impede the crystallization of
NMMO hydrates, as a result of a retarded diffusion of
the crystallizing species.31 According to the results of
Wunderlich32 and Chanzy et al.,21 the inclusion of
cellulose chains within the solvent crystallites will
create defects, which will have an additive effect on
the the melting point depression of these crystallites.
Therefore, the above melting point depressions in cel-
lulose–NMMO samples indicate the instantaneous
melting of powder NMMO hydrate and the diffusion
of NMMO hydrate throughout the cellulose during
high-speed mixing. In case of 15 wt % cellulose con-
centration with high-speed mixing, the melting tem-
peratures of NMMO hydrates in cellulose–NMMO
hydrate granules and slurry are higher than the melt-
ing temperature of cellulose–NMMO hydrate solution
as shown in Table III.

Figure 6 DSC heating curves of powder cellulose–NMMO
hydrate granules (A) formed by high speed mixing of cellu-
lose and powder NMMO hydrates [cellulose content: 15 wt
%, heating scan rate: (a) 10, (b) 5, and (c) 2°C/min].

Figure 5 Optical micrograph of viscose cellulose–NMMO
hydrate slurry formed by high speed mixing at 65°C of
powder cellulose–NMMO hydrate having a water content of
12.9 wt % (n � 0.97), mixing time is extended 5 min more
than Figure 4(b) at 60°C.

TABLE III
Melting Temperature Depression of Various Cellulose–NMMO Hydrate Samples at the Heating Scan Rate of

5 and 10°C/min

Melting point (°C)

Concentration (wt %) 12 15

Heating scan rate (°C/min) 5 5 10
Preparative method A B A B A B C D
n � 0.83/81.3a 75.9 75.3 76.3 75.7 77.8 — — —
n � 0.97/80.9a 70.5 64.2 73.8 69.7 70.2 69.5 69.2 67.4 (58.6)b

n � 1.23/74.7a 65.2 63.2 67.4 65.9 69.7 65.9 64.3 (56.0)b —

a Melting peaks of NMMO hydrate at heating rate of 10°C/min.
b Shifted lower melting peaks of cellulose–NMMO hydrate sample.
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Thermal properties of cellulose–NMMO hydrate
solution

When the cellulose concentration is 15 wt % in a
cellulose–NMMO hydrate slurry with n � 0.83 as
shown in Table III, its melting peak temperature was
75.7°C at a heating scan rate of 5°C/min, which is a
slightly lower than the melting peak (76.3°C) of gran-
ules. Figure 7 shows the DSC heating curves of cellu-
lose–NMMO hydrate samples made by using various
preparative methods. When the hydration number of
NMMO hydrate is n � 0.97 and the heating scan rate
is 10°C/min, the melting peak temperature of cellu-
lose–NMMO hydrate slurry (B) was 69.5°C. This melt-
ing peak temperature goes remarkably lower than that
of cellulose–NMMO hydrate slurry (B) as the sample
preparing time increases (C, D). In case of the cellu-
lose–NMMO hydrate solution (D), the melting peak
temperature of NMMO hydrate was 58.6°C.

Figure 8 shows the DSC heating curves of cellulose–
NMMO hydrate samples produced by using various
preparative methods when n � 1.23. These curves B
and C have slightly narrower ranges between the start
melting temperature and end melting temperature
than those of Figure 7. The measured melting peak
temperature of the swollen cellulose–NMMO hydrate
(C) was lower than that of the slurry (B), and the
melting curve shape of (C) was broader than that of
(B). The DSC heating curve of the sample C in Figure
8 shows too melting peaks at 56.0 and 64.3°C. It is
believed that the lower melting peak at 56.0°C occurs
due to the recrystallization of a small position of the

NMMO hydrate molecules, which were not crystal-
lized in the reheating process of the DSC measure-
ment.

All cellulose–NMMO hydrate samples made in a
blender were stored at room temperature before use
for lyocell processing or DSC measurement. When the
solidified cellulose–NMMO hydrate samples were re-
heated up to its melting point in the DSC, the NMMO
hydrate crystals in the swollen cellulose–NMMO hy-
drate sample were recrystallized into a more orga-
nized crystal structure. This recrystallization can be
interred from that the lower melting point of the swol-
len cellulose–NMMO hydrate sample (C) with n
� 1.23 appeared at 56.0°C, which is the melting point
of the NMMO hydrate. From the DSC heating curves
of the swollen cellulose–NMMO hydrates (C), it was
observed that the lower melting peak of the NMMO
hydrate with n � 0.97 (Fig. 7) was not observed, while
a very small peak of the lower temperature of the
swollen cellulose–NMMO hydrate with n � 1.23 (Fig.
8) appeared at 56.0°C. It is believed that this difference
results from the solubility difference of the NMMO
hydrate, depending on the hydrate number (n) be-
cause the hydrate amount bonded to NMMO at n
� 1.23 is more than that at n � 0.97.33

Change of the crystal structure of cellulose in an
NMMO hydrate by simple mixing

We investigated the structural change of cellulose in
cellulose–NMMO hydrates during mixing in a
blender. Figure 9 shows the X-ray diffractions of sim-
ple mixture of cellulose and NMMO hydrate, powder

Figure 7 DSC heating curves of powder cellulose–NMMO
hydrate granules (A), cellulose–NMMO hydrate slurry (B),
swollen cellulose–NMMO hydrate (C), and solidified cellu-
lose–NMMO hydrate solution (D) (cellulose content: 15 wt
%, heating scan rate: 10°C/min, n � 0.97).

Figure 8 DSC heating curves of powder cellulose–NMMO
hydrate granules (A), cellulose–NMMO hydrate slurry (B),
and swollen cellulose–NMMO hydrate (C) (cellulose con-
tent: 15 wt %, heating scan rate: 10°C/min, n � 1.23).
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cellulose–NMMO hydrate granules (A), cellulose–
NMMO hydrate slurry (B), swollen cellulose–NMMO
hydrate, and solidified cellulose–NMMO hydrate so-
lution (D). In case of (A) and (B) made by high-speed
mixing in a blender, the X-ray diffraction peak inten-
sity angles are almost identical to those of the simple
mixture of cellulose and NMMO hydrate as shown in
Figure 9, and the strong X-ray diffraction intensity
peaks in Figure 9 are caused by a NMMO hydrate
with n � 0.97. However, in the case of the swollen
cellulose–NMMO hydrate (C) and the solidified cellu-
lose–NMMO hydrate solution (D), the X-ray diffrac-
tion intensity peaks of the NMMO hydrate did not
appear. It seems that the NMMO hydrate as a liquid
phase penetrates into the cellulose when the mixing
time for sample preparation is 25 min or longer at
70°C.

In general, cellulose pulp has cellulose I structure.
Only when the cellulose is completely dissolved in
NMMO hydrate, this crystal structure of cellulose is
converted to the cellulose II structure. Each of the cellu-
lose I and the cellulose II shows three specific X-ray
diffraction intensity angles—14.6°(101), 16.4°(101�),
22.6°(002) and 12°(101), 20°(101�), 21.5°(002), respec-
tively. Figure 10 shows six X-ray diffraction curves of
dry cellulose samples obtained after removing NMMO
hydrate from powder cellulose–NMMO hydrate gran-

ules (A) or cellulose–NMMO hydrate slurry (B), in the
case of n � 0.83, 0.97, or 1.23. Figure 10 shows the
X-ray diffraction intensity peaks of the cellulose I and
those of the cellulose II as a solid line and a dashed
line, respectively. The X-ray diffraction curves indicate
that both sample A and B still retain the original
cellulose I structure. In the case of cellulose–NMMO
hydrate slurry (B) with n � 0.83 or 0.97, two additional
X-ray diffraction intensity peaks appeared at 20° and
21.5° (cellulose II), while the intensity peak at 22.6°
(cellulose I) decreased. The appearance of two addi-
tional intensity peaks indicates that the cellulose crys-
tal structure changes from I to II.

Figure 11 shows the X-ray diffraction curves of three
dry cellulose samples obtained after removal of
NMMO hydrate from swollen cellulose–NMMO hy-
drate (C) with n � 0.97 or 1.23, and cellulose–NMMO
hydrate solution (D) with n � 0.97, respectively. As
previously described, the swollen cellulose–NMMO
hydrate was made at 70°C, at which the NMMO hy-
drate diffused into cellulose first and then the cellulose
was dissolved in the NMMO hydrate as the mixing
time increases. Figure 11 shows that the sample C with
n � 0.97 or 1.23 was almost converted to cellulose II
structure while the sample D with n � 0.97 has only
cellulose II structure.

Figure 12 shows the X-ray diffraction curves of cel-
lulose pulp, cellulose swollen sample (C) obtained

Figure 10 X-ray diffractions of cellulose samples (A: gran-
ules and B: slurry) obtained after removal of NMMO hy-
drate in powder cellulose–NMMO hydrate granules and
cellulose–NMMO hydrate slurry.

Figure 9 X-ray diffractions of simple mixture of cellulose
and NMMO hydrate, powder cellulose–NMMO hydrate
granules (A), cellulose–NMMO hydrate slurry (B), swollen
cellulose–NMMO hydrate (C), and solidified cellulose–
NMMO hydrate solution (D) (cellulose content: 15 wt %, n
� 0.97).

AGGLOMERATION BEHAVIOR IN CELLULOSE-NMMO HYDRATE SOLUTIONS 1695



from the cellulose–NMMO hydrate with n � 1.65 at
70°C, cellulose granules sample (A) obtained from the
cellulose–NMMO hydrate with n � 1.0 at 70°C, cellu-

lose solution sample (D) obtained from cellulose–
NMMO hydrate with n �1.0 prepared by using an
extruder at 70°C, and Tencel fiber provided by Cour-
taulds. In the case of both the cellulose pulp and C, the
crystal structure of the cellulose still retained the orig-
inal cellulose I structure. In the case of both the A and
D, however, it shows cellulose II structure.

Figure 13 shows the schematic connection diagram
between the preparative method of cellulose–NMMO
hydrate samples and cellulose crystal structures. Fig-
ure 13 also shows a relation between the crystal struc-
tures of cellulose samples and thermal property of
cellulose–NMMO hydrate samples with various n at
various preparative methods. In the case of n � 1.23
(A and B), the cellulose crystal structure was retained
as cellulose I. In the case of n � 0.97 (C and D),
however, the cellulose crystal structure was changed
from cellulose I to cellulose II.

In particular, it was shown that the NMMO hydrate
with n � 0.97 (C) dissolved the cellulose completely
even at 70°C, which is lower that 110°C (D), and this
result implies that the cellulose crystal structure is
cellulose II.

CONCLUSIONS

This article described a simple preparative method of
cellulose granules or slurry that can be used to make a
homogeneous cellulose–NMMO hydrate solution by a
direct method in the lyocell process. It was shown that
the agglomeration behavior of the mixture of powder
cellulose and NMMO hydrate, when being mixed at
1500 rpm in a blender to convert it to granules or
slurry, was affected by NMMO hydrate number (n),
mixing time, and blender temperature. In the case of
the NMMO hydrate with n � 0.97, which is very close
to n � 1 when the cellulose solubility is the best, the
melting point of this NMMO hydrate in a solution was
70°C and it decreased as n becomes larger. When the

Figure 11 X-ray diffractions of cellulose samples (C: swol-
len and D: solution) obtained after removal of NMMO hy-
drate in swollen cellulose–NMMO hydrate and cellulose–
NMMO hydrate solution.

Figure 12 X-ray diffractions of cellulose pulp, cellulose
swollen sample (C) obtained from cellulose-NMMO hydrate
with n � 1.65 at 70°C, cellulose granules sample (A) ob-
tained from cellulose–NMMO hydrate with n � 1.0 at 70°C,
cellulose solution sample (D) obtained from cellulose–
NMMO hydrate with n � 1.0 prepared by using extruder at
70°C, and Tencel fiber provided by Courtaulds.

Figure 13 Schematic connection diagram between the pre-
parative method of cellulose–NMMO hydrate samples and
cellulose crystal structures.

1696 KIM ET AL.



melting point of the NMMO hydrate in a solution is
higher than 70°C, the agglomeration of the mixture of
cellulose and NMMO hydrate hardly appears because
melting of the NMMO hydrate is accelerated. It was
concluded that the proper blender temperature for
agglomeration is below 70°C. It is important to set the
mixing time of cellulose slurry longer than 25 min and
set the blender temperature higher than 65°C to obtain
a uniform cellulose solution. The conversion of the
cellulose crystal structure from cellulose I (slurry) to
cellulose II (solution) was confirmed by using a X-ray
diffraction pattern. In conclusion, the cellulose–
NMMO hydrate granules or slurry made by using this
simple preparative method would result in a small
volume because this method is based on agglomera-
tion of the mixture, and hence, it would provide great
potential in the lyocell process because this small vol-
ume can be easily conveyed into the extruder.
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Korea Science and Engineering Foundation at Seoul Na-
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