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Abstract: This research examines the possibilities of regulating the structure of cellulose precursor
fibers spun from solutions in N-methylmorpholine-N-oxide when replacing aqueous coagulation
baths with thermodynamically softer alcohol baths at different temperatures. The fibers were spun
by the dry jet–wet method in isobutanol coagulation baths with a temperature of 25 ◦ C and 70 ◦ C.
The study of the phase state of the solvent–coagulant system using viscometry and point cloud
methods revealed the temperature-concentration regions of the single-phase and two-phase states
of the system. Using elemental analysis, DSC (differential scanning calorimetry) and XRD (X-ray
diffraction) methods, it was shown that just spun fibers, due to the presence of a residual amount of
solvent and coagulant in them, regardless of the temperature of the precipitator, have an amorphous
structure. Additional washing with water completely washed away the solvent and coagulant as well,
however, the structure of cellulose changes slightly, turning into a defective amorphous-crystalline
one. A relationship was found between the phase composition, structure, and properties of just
spun fibers and precursors washed with water. Thus, the loss of structural ordering of both just
spun and washed cellulose fibers leads to a decrease in strength characteristics and an increase in
deformation. The thermal behavior of the fibers is determined by their phase composition. Fibers just
spun into hot alcohol containing a coagulant and traces of solvent acquire thermal stability up to
330 ◦ C. During the pyrolysis of the obtained precursors up to 1000 ◦ C, the value of the carbon yield
doubles. The amorphized structure of the obtained fibers allows us to consider it as a model when
analyzing the transformation of the structure of precursors during thermolysis.
Keywords: cellulose; N-methylmorpholine-N-oxide; carbon fibers; structure; cellulose crystallinity;
X-Ray diffraction (XRD); Raman spectroscopy
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1. Introduction
The estimated total annual production capacity of all carbon fibers (CF) in the world in 2014 is
104,600 t (in 2017 136,500 t). Growing demand for CF stimulated an active growth in their production
and an annual increase in capacity by 10% until 2020 [1].
The main advantages of carbon fibers are high flexibility, tensile strength and stiffness, adsorption,
thermal stability, low coefficient of thermal expansion (CTE), etc. Due to these properties, CF and
composites based on them are widely used in various industrial sectors. For example, in construction,
CF are used for external reinforcement of load-bearing structures. In aviation, automotive, and green
energy (wind turbines) industries, CF are used to produce low weight parts. In the nuclear industry,
CF are not interchangeable in the construction of reactors, as insulation, where the key properties are
resistant to high temperatures and pressure and radioactive radiation [2–4].
High modulus and cord fibers are used, as a rule, as cellulosic precursors of CF. Such cellulosic fibers
are produced on an industrial scale by an environmentally hazardous viscose process. The exception
is Hyosung Company (Seoul, South Korea). They use an environmentally friendly NMMO process
for obtaining new Lyocell cord fibers (hydrated cellulose fibers classified as Lyocell fibers by the
international committee BISFA (Bureau International pour la Standardisation des Fibres Artificielles),
Brussels, Belgium) [5]. In this process, N-methylmorpholine-N-oxide (NMMO) is used as a direct
solvent of cellulose. The production of Lyocell cord fibers proceeds according to two processes.
The traditional process includes the preliminary stage of slurry preparation (cellulose suspension
in an aqueous solution of NMMO) and the process of direct interaction of NMMO monohydrate
(water content 13.3%) with cellulose under conditions of heating and intensive mixing [6,7]. It should
be noted that three crystalline hydrates of NMMO have been identified and their dissolving ability
increases with decreasing water content in them [8]. The second process in many respects intersects
with the original “solid-phase” method [9,10], in which a solvent with a water content of 13.3% or
less is used, which increases significantly the concentration of polymer in the solution, up to 45%.
Orcel® fibers obtained through solid-phase presolutions (“solid-phase” method), characterized by
high crystallinity and orientation, which provide them with high mechanical properties (strength and
Young’s modulus) [11].
The main properties that carbon fibers obtained from cellulose precursors must have in order
to create general-purpose structural materials are high strength and stiffness, a controlled coefficient
of thermal expansion and a high thermal conductivity. Existing cellulose-based CF are produced
only with viscose precursors. The existing new NMMO process, alternatively to viscose, is applied
for textile and cord fiber production. The work on the creation of CF based on Lyocell precursors is
mainly at the research stage. In this regard, it is extremely important to analyze the state and level of
data known from the literature on the structural features of Lyocell precursors, their properties and
thermolysis conditions.
The structure of potential precursor fibers is defined already at the stage of obtaining solutions
and is further determined by the conditions of their formation [12]. Thus, a change in the nature of
the coagulation bath affects not only the structure of the formed material, but also the morphology of
the obtained samples [13,14]. For cellulose solutions in NMMO, such transformations are described
in detail for coagulation into aqueous solutions of NMMO [15–17] and alcohols [18–20]. Along with
a change in the chemical composition of the baths, their temperature was also varied in [18,21],
which made it possible to change the structure of the spun fibers. It is important to note that if the
formed film (fiber) after coagulation into alcohol passes through a second bath with a different liquid,
its structure and properties change [21,22].
When producing CF, cellulose precursors are subjected to heat treatment up to 1500 or 2400 ◦ C
(higher temperatures make it possible to improve the special properties of CF) [23]. To increase
the values of the carbon yield and achieve good mechanical characteristics of the obtained CF,
as in the case of viscose precursors, it is proposed to impregnate Lyocell fibers with pyrolysis
catalysts and flame retardants [24]. Traditional impregnations are ammonium phosphates, zinc and
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calcium chlorides, Lewis acids, etc. [25]. Silicon-based compounds became an alternative to these
impregnations [26–28], interest to which arose already in the mid-70s. Thus, in [29,30], the importance
of using silicon-containing compounds in the process of obtaining CF from cellulose precursors was
noted, which made it possible to obtain graphitized fibers with a mechanical strength of more than
1 GPa.
An important parameter of the CF is the coefficient of thermal expansion. The values of CTE
depend not only on the type of precursor, but also on the method and conditions of its thermal processing
into the CF. For precursors obtained in the absence of orientation during thermolysis, the maximum
CTE values are realized in the direction of the fiber axis and the minimum in the transverse direction.
The anisotropic structure realized when the samples are drawn during thermolysis leads to a change in
these values to the opposite [31]. The achievement of high mechanical characteristics of CF is associated
with solving a number of issues: the choice of a precursor [32], the conditions of spinning, structural
and morphological properties, and ending with the modes of thermal processing in CF [33]. Though
the effective interconnection of these problems has not yet been identified, numerous results of studies
of the mechanical characteristics of CF presented in the literature can be divided into two groups.
The first group includes papers with unsatisfactory strength characteristics of CF [24], and the second
presents conflicting results. In one of the first papers devoted to the production of CF from Lyocell
fibers, strength values equal to 1 GPa, and elastic modulus values of 100 GPa were achieved [34]. Such
high mechanical values are ambiguously correlated with X-ray diffraction data: in diffractograms, the
angular position of the 002 reflection maximum does not reach 25◦ (2θ), and its intensity is very low.
In [35], the mechanical properties of CF obtained from viscose and Lyocell precursors are compared
after impregnation with the same flame retardants and carbonization in the same temperature–time
regime. The strength of Lyocell fibers is almost two times higher compared to viscose precursors,
while the crystallinity for Lyocell is 40% higher than that of viscose fibers. After heat treatment of these
precursors under the same conditions, the difference between the strength values of CF is leveled [35].
Therefore, we can conclude that the strength and high crystallinity of the precursors are not limiting
structural parameters that determine the high strength properties of CF.
The above data set one of the most actual and most important tasks in the problem of creating
high-strength CF based on Lyocell fiber—searching for the ways of directional regulation of the
structure of cellulose fiber precursors. In this regard, the aim of this research is to study the structural
and morphological features of Lyocell precursors obtained from solutions in NMMO. When replacing
water precipitation baths with more thermodynamically soft alcohol precipitation baths at different
temperatures, were studied their mechanical and thermal properties and the relationship between the
structure of the obtained precursors and properties were established.
2. Experimental Section
2.1. Materials
For fiber spinning, 16% cellulose solutions in NMMO were prepared based on the solid-state
activation technique [36]. Sulfate pulp (Baikal Pulp and Paper Mill, Baykalsk, Russia) was preliminarily
crushed and sieved in order to isolate a powder fraction with a particle size of up to 200 microns.
The degree of polymerization of cellulose was 600, the moisture content was ~8%, and the
mass content of α-cellulose in the dry residue was ~94%. N-methylmorpholine-N-oxide (Demochem,
Shanghai, China) was used as a solvent. The water content in NMMO was ~7% (Tm ~ 120 ◦ C).
Propyl gallate (Sigma-Aldrich, Saint Louis, MO, USA) was added to the system to suppress destruction
processes in an amount of 0.5%. Just spun fibers were coagulated in distilled water or isobutyl alcohol
(IBA; Component-Reagent, Moscow, Russia).
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2.2.4. Fibers’ Carbonization
2.2.4. Fibers’ Carbonization
Fibers’ carbonization was carried out on a TMA 402 F1 Hyperion instrument (Netzsch, Selb,
Fibers’ carbonization was carried out on a TMA 402 F1 Hyperion instrument (Netzsch, Selb,
Germany). The precursor sample thread to fold in two was fixed in standard corundum clamps
Germany). The precursor sample thread to fold in two was fixed in standard corundum clamps (~100
(~100 monofilaments; Figure 2). To prepare the tensioned samples, an alignment clamping device was
monofilaments; Figure 2). To prepare the tensioned samples, an alignment clamping device was used
used to fix the distance between corundum clamps of 20 mm. The sample was placed in a holder for
to fix the distance between corundum clamps of 20 mm. The sample was placed in a holder for tensile
tensile analysis and a constant tension force of 50 mN was set. The total inert gas (argon) flow rate
analysis and a constant tension force of 50 mN was set. The total inert gas (argon) flow rate was 70
was 70 mL/min when heated up to 300 ◦ C inclusive and 100 mL/min at temperatures above 300 ◦ C.
mL/min when heated up to 300 °C inclusive and 100 mL/min at temperatures above 300 °C. The fiber
was linearly heated up to 300 °C at a rate of 1.5 °C/min, followed by isothermal annealing for 2 h,
then heated at a speed of 20 °C/min to 1200 °C.
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The morphology of the surface and cross-sectional cleavages of dried cellulose fibers was
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2.2.6. Mechanical Testing
The effect of type and temperature of coagulation bath on the mechanical properties of cellulose
fibers, such as the tensile strength, elongation at break, and modulus, were determined according to
the Russian standard GOST 10213.2-2002, 26171-2001, 10213.0-2002, 10213.4-2002. The mechanical
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such as the tensile strength, elongation at break, and modulus, were determined according
to
the Russian standard GOST 10213.2-2002, 26171-2001, 10213.0-2002, 10213.4-2002. The mechanical
properties of the fibers were evaluated on a universal machine for stretching Instron 1122 (Instron,
properties of the fibers were evaluated on a universal machine for stretching Instron 1122 (Instron,
Norwood, MA, USA), equipped with pneumatic clamps. The diameter of the fibers was measured
Norwood, MA, USA), equipped with pneumatic clamps. The diameter of the fibers was measured
using a Biomed-6PO optical microscope (Biomed, Moscow, Russia). A loading rate of 10 mm/min
using a Biomed-6PO optical microscope (Biomed, Moscow, Russia). A loading rate of 10 mm/min was
was used for all samples and a working length of 10 mm [42].
used for all samples and a working length of 10 mm [42].
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Figure 3. State diagram of the NMMO–isobutyl alcohol (IBA) system (a) and temperature dependences
Figure 3. State diagram of the NMMO–isobutyl alcohol (IBA) system (a) and temperature
of viscosity (b) for the NMMO–IBA system with the ratio of components: 70/30 (a), 90/10 (b), 95/5 (c)
dependences of viscosity (b) for the NMMO–IBA system with the ratio of components: 70/30 (a), 90/10
and 100% NMMO (d).
(b), 95/5 (c) and 100% NMMO (d).

Above the “liquidus” line, the system is in a liquid state (L); below it, crystallization of NMMO
Above the “liquidus” line, the system is in a liquid state (L); below it, crystallization of NMMO
occurs, with the formation of a two-phase system, where crystals of NMMO or its adduct with IBA can
occurs, with the formation of a two-phase system, where crystals of NMMO or its adduct with IBA
be present in the liquid phase. The results correlate with the data described in [21,37], where NMMO
can be present in the liquid phase. The results correlate with the data described in [21,37], where
monohydrate (Tm = ~78 ◦ C) was used as a solvent. The only difference is that in IBA at 20 ◦ C 30% of
NMMO monohydrate (Tm = ~78 °C) was used as a solvent. The only difference is that in IBA at 20 °C
NMMO and 60% of monohydrate are dissolved, which is probably due to the different water content
30% of NMMO and 60% of monohydrate are dissolved, which is probably due to the different water
in the samples of various crystalline hydrates of NMMO [8,21,37].
content in the samples of various crystalline hydrates of NMMO [8,21,37].
Figure 3b shows the temperature dependences of viscosity for the NMMO–IBA system with
Figure 3b shows the temperature dependences of viscosity for the NMMO–IBA system with
different component ratios. As can be seen from Figure 3b, the temperature dependences of viscosity
different component ratios. As can be seen from Figure 3b, the temperature dependences of viscosity
are also the same as the system based on alcohol and NMMO monohydrate [21]. The nature of the
are also the same as the system based on alcohol and NMMO monohydrate [21]. The nature of the
dependences changes slightly, the crystallization rate increases. NMMO crystallizes immediately after
dependences changes slightly, the crystallization rate increases. NMMO crystallizes immediately
passing the melting point. When cooling mixed systems from high temperatures, where the systems
after passing the melting point. When cooling mixed systems from high temperatures, where the
are in a single-phase state, in contrast to systems with NMMO monohydrate, the viscosity immediately
systems are in a single-phase state, in contrast to systems with NMMO monohydrate, the viscosity
begins to increase. It is associated with both temperature changes in viscosity and nucleation of a
immediately begins to increase. It is associated with both temperature changes in viscosity and
higher melting crystalline hydrate. Reaching a certain critical temperature, a sharp jump in viscosity
nucleation of a higher melting crystalline hydrate. Reaching a certain critical temperature, a sharp
occurs, i.e., the systems stop flowing and become crystalline. Due to nontightness of the working
jump in viscosity occurs, i.e., the systems stop flowing and become crystalline. Due to nontightness
unit during rheological tests, i.e., the phase composition of the system during the experiment is not
of the working unit during rheological tests, i.e., the phase composition of the system during the
experiment is not constant; certain transition points cannot be considered as points of equilibrium
phase transitions. However, the obtained results undoubtedly testify to the general nature of phase
transformations [21].

3.2. Structure and Morphology of the Solvent and Precursors
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recorded
in transmission
geometry,
one
wide
is
observed in the region of 2θ 10–27°. Such a curve almost completely coincides with the diffraction
observed in the region of 2θ 10–27°. Such a curve almost completely coincides with the diffraction
pattern of cellulose solutions in NMMO [44]. The mass transfer processes upon contact of a
pattern of cellulose solutions in NMMO [44]. The mass transfer processes upon contact of a
thermodynamically mild alcohol precipitant with NMMO at room temperature are so slow that a
thermodynamically mild alcohol precipitant with NMMO at room temperature are so slow that a
solvent remains in the freshly just obtained fibers [45], which slows down the processes of traditional
solvent remains in the freshly just obtained fibers [45], which slows down the processes of traditional
structural transformations.
structural transformations.
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of orientational drawing leads to the appearance of some interlayer periodicity in the
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sample (Plane 101) [47].
The diffraction patterns of the fibers obtained by precipitation in isobutanol baths (70 ◦ C), which are
The diffraction patterns of the fibers obtained by precipitation in isobutanol baths (70 °C), which
then washed in water and dried, are shown in Figure 6b. The nature of the diffraction patterns of the
are then washed in water and dried, are shown in Figure 6b. The nature of the diffraction patterns of
washed and dried fibers in water is almost the same as of the diffraction patterns obtained for fibers
the washed and
dried fibers in water is almost the same as of the diffraction patterns obtained for
from IBA (25 ◦ C). It is important to note that some ordering of cellulose revealed when coagulating
fibers from IBA (25 °C). It is important to note that some ordering of cellulose revealed when
cellulose fibers in hot alcohol, does not accelerate the processes of structural transformations at the
coagulating cellulose fibers in hot alcohol, does not accelerate the processes of structural
washing stage, but significantly slows them down. The ordering contributes to an even larger fraction
transformations at the washing stage, but significantly slows them down. The ordering contributes
of the amorphous phase in the sample.
to an even larger fraction of the amorphous phase in the sample.
Based on the obtained diffraction patterns, for fibers spun into water and IBA at 25 and 70 ◦ C,
Based on the obtained diffraction patterns, for fibers spun into water and IBA at 25 and 70 °C,
then washed in water and dried, the degree of crystallinity (CI) was calculated by Ruland’s method,
then washed in water and dried, the degree of crystallinity (CI) was calculated by Ruland’s method,
shown in Table 1.
shown in Table 1.
Table 1. The crystallinity index of the fibers formed into water and IBA at 25 °C and 70 °C, then
washed in water and dried.

Coagulant
Water (25 °C)

CI, %
48
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Table 1. The crystallinity index of the fibers formed into water and IBA at 25 ◦ C and 70 ◦ C, then washed
in water and dried.
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Replacing an aqueous precipitation bath with an alcohol bath leads to a decrease in the
index. A further transition to hot alcohol baths leads to a further decrease in ordering, by almost 20%,
crystallinity index. A further transition to hot alcohol baths leads to a further decrease in ordering,
compared to samples spun in water.
by almost 20%, compared to samples spun in water.
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◦
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Lyocellfibers,
fibers, unlike
unlike viscose
a cross-sectional
shapeshape
close to
a circle
When
Lyocell
viscosefibers,
fibers,have
have
a cross-sectional
close
to a[48].
circle
[48].
precipitated
into
alcohol,
the
cross-sectional
surface
of
the
obtained
fibers
has
a
similar
shape,
with
a
When precipitated into alcohol, the cross-sectional surface of the obtained fibers has a similar shape,
furrowed texture on the surface of the fiber. This feature, most likely, is associated with uneven
contraction of the fiber, in which vacuoles and numerous pores were formed during the deposition
process [18–21]. If deposition in IBA (25 °C) is small, but frequent furrows are formed, then during
hot deposition, the size of irregularities increases with a decrease in their number. The average fiber
diameter is 14–20 microns.
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3.3. Mechanical Properties
3.3. Mechanical Properties
Structural and morphological features of the formed cellulose precursors predetermine their
Structural
and morphological
mechanical
properties
(Table 2). features of the formed cellulose precursors predetermine their
mechanical properties (Table 2).
Table 2. Mechanical properties of fibers obtained through various precipitation baths.
Table 2. Mechanical properties of fibers obtained through various precipitation baths.

Coagulant

D 1, mkm

δ 2, MPa

1
2
Coagulant
Water (25 °C) D , mkm 18 ± 2 δ , MPa
670 ± 60

E 3, GPa
3 , GPa
E17
±3
17
5 ±±13
85 ±± 21
8±2
5.5 ± 1.5

ε 4, %
4
10 ± 1ε , %
16 ± 10
5 ±1
11 ± 16
3 ±5
11 ± 3
11.5 ± 2.5

◦ C)
Water (25 IBA
18 ± 2 21 ± 3 670 ±
60 ± 40
(25 °C)
250
◦
IBA
40 ± 50
IBA(25
(25 C)
°C) –> water 25 21
°C± 3 16 ± 2 250 ±380
IBA (25 ◦ C) –> water 25 ◦ C
16 ± 2
380 ± 50
IBA (70 °C) –> water 25 °C
18 ± 1
215 ± 25
IBA (70 ◦ C) –> water 25 ◦ C
18 ± 1
215 ± 25
5.5 ± 1.5
11.5 ± 2.5
1 Diameter. 2 Tensile strength. 3 Elastic modulus. 4 Elongation at break.
1
2
3
4

Diameter.

Tensile strength.

Elastic modulus.

Elongation at break.
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in alcohol
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When the fibers are spun in the IBA (25 °C), the TGA curve has an atypical course for cellulose
precursors. Namely, it is possible to distinguish four areas of sample weight reduction on it. In the
first section (up to 105 °C), the mass loss is 3.6%, then in the range of 160–250 °C the mass is reduced
to 91.6%. The pyrolysis of cellulose to 365 °C is accompanied by a drop in residue to 26.6%. Heat
treatment up to 1000 °C leads to a carbon yield of 7.7%. When using IBA with a temperature of 70 °C,
the TGA curve takes the form traditional for cellulose fibers [49], and the carbon yield when heated

of dehydration and structural transformations that occur during further heating of the sample are
weakly expressed in the thermogram by extended area. Amorphization of the structure of fibers spun
into cold alcohol is due to the presence of a solvent and a precipitant. On contact with alcohol, a small
amount of solvent in the form of a solvate with IBA remains in the fibers [21]. At the same time, the
sample is not only restructured, but also demonstrates great thermal stability. This is a very important
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aspect that requires further detailed research.
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(b), water washing and drying.

When the fibers are spun in the IBA (25 ◦ C), the TGA curve has an atypical course for cellulose
Water washing of the fibers coagulated in alcohol at 25 or 70 °C, and their subsequent drying,
precursors. Namely, it is possible to distinguish four areas of sample weight reduction on it. In the first
fundamentally changes
the thermal behavior of the fibers. The exo-effects associated with the
section (up to 105 ◦ C), the mass loss is 3.6%, then in the range of 160–250 ◦ C the mass is reduced to 91.6%.
presence of an unwashed solvent
and precipitant in the samples disappear [52] and only two endo
The pyrolysis of cellulose to 365 ◦ C is accompanied by a drop in residue to 26.6%. Heat treatment up
peaks are present, with a maximum at 94 °C and 334 °C (Figure 9b). The first is due to the removal of
to 1000 ◦ C leads to a carbon yield of 7.7%. When using IBA with a temperature of 70 ◦ C, the TGA
water, and the second is due to the structural transformations of the actual cellulose [53,54].
curve takes the form traditional for cellulose fibers [49], and the carbon yield when heated to 1000 ◦ C
In the case of coagulation of fibers in IBA at 25 or 70 °C and their further washing with water
increases to 13.4%. The correlation of TGA curves with DSC thermograms (Figure 8b) allows us to
and drying, the course of TGA curves is almost the same (Figure 9a). The values of the carbon yield
understand more deeply what happens to the samples during heat treatment. The first endo effect of
at 1000 °C for the studied samples are presented in Table 3.
the curve in Figure 8b (Curve a; IBA at 25 ◦ C), associated with the loss of water and IBA, is observed
from 30 to 130 ◦ C. Upon further heating in the range of 140–210 ◦ C, an exo effect with a high thermal
Table 3. The carbon yield of the fibers formed into various precipitation baths, followed by washing
value of 925.7 mJ associated with the residual solvent in the fibers and its destruction, is observed.
with water, when heated to 1000 °C.
The exo effect in the region of 290–313 ◦ C of cellulose is caused by the reactions of dehydration and
Coagulant
Losseffect
at 1000
°C, %
structural rearrangements of cellulose
[50,51]. Mass
The endo
traditional
for cellulose in the region
(25 °C) processes, is>90
of 250 ◦ C, caused by celluloseWater
degradation
not observed in the thermogram. A DSC
IBAalcohol
(25 °C)has a different character.
92
thermogram of fibers spun into hot
The first endo peak has the same
(70 °C)
86.6peak of NMMO decomposition is shifted
nature and similar thermal effectsIBA
in value
[52]. The small exo
toward higher temperatures. The exothermic processes of dehydration and structural transformations
Summing
the revealed
of the
and thermal
of the
obtained
that occur
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heating offeatures
the sample
are structure
weakly expressed
in the behavior
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by extended
precursors,
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suggests of
itself
thatspun
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leadsistodue
an increase
in the carbon
yield
area.
Amorphization
of the structure
fibers
into cold alcohol
to the presence
of a solvent
during
their
carbonization.
The
seemingly
illogical
nature
of
this
conclusion
nevertheless
fits
into
the
and a precipitant. On contact with alcohol, a small amount of solvent in the form of a solvate with IBA
emerging
concept
nature
structural
ordering
of cellulose
precursors
most
remains
in the
fibers regarding
[21]. At thethe
same
time, of
thethe
sample
is not only
restructured,
but also
demonstrates
great thermal stability. This is a very important aspect that requires further detailed research.
Water washing of the fibers coagulated in alcohol at 25 or 70 ◦ C, and their subsequent drying,
fundamentally changes the thermal behavior of the fibers. The exo-effects associated with the presence
of an unwashed solvent and precipitant in the samples disappear [52] and only two endo peaks are
present, with a maximum at 94 ◦ C and 334 ◦ C (Figure 9b). The first is due to the removal of water, and
the second is due to the structural transformations of the actual cellulose [53,54].
In the case of coagulation of fibers in IBA at 25 or 70 ◦ C and their further washing with water and
drying, the course of TGA curves is almost the same (Figure 9a). The values of the carbon yield at
1000 ◦ C for the studied samples are presented in Table 3.
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Table 3. The carbon yield of the fibers formed into various precipitation baths, followed by washing
with water, when heated to 1000 ◦ C.
Coagulant

Mass Loss at 1000 ◦ C, %

Water (25 ◦ C)
IBA (25 ◦ C)
IBA (70 ◦ C)

>90
92
86.6

Summing up the revealed features of the structure and thermal behavior of the obtained precursors,
the conclusion suggests itself that amorphization leads to an increase in the carbon yield during their
carbonization.
seemingly
Fibers 2020, 8, xThe
FOR PEER
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This can be achieved either by reducing the length of crystalline and amorphous regions or by their
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4. Conclusions
Changes in the composition and temperature of the precipitation bath allow to vary the structure
of the resulting fibers. However, precipitation into alcohol without additional washing with water of
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on cellulose fibers. It can be solved only by combining the efforts of both the creators of cellulose
precursors and the developers of their thermolysis processes.
4. Conclusions
Changes in the composition and temperature of the precipitation bath allow to vary the structure
of the resulting fibers. However, precipitation into alcohol without additional washing with water of
the samples does not exclude the residual amount of solvent and precipitant in the fibers, which leads
to an amorphous structure of the samples. Only subsequent washing with water of the fibers spun
into alcohol allows the solvent and IBA to be completely removed from the fibers. Moreover, as shown
by X-ray diffraction data, the structural ordering of the samples is restored only partially. The samples
have a pronounced amorphized structure, which leads to an increase in the carbon yield during fiber
thermolysis, as evidenced by studies of the thermal behavior of the fibers by the TGA method. The CF
annealed up to 1200 ◦ C without pretreatment, regardless of the precursor structure, have the same
amorphous structure, according to studies performed by X-ray diffraction and Raman spectroscopy.
Structure is the most important factor in the process of obtaining precursors and processing them
into CF. Conditions for their processing are also the quality factor of CF, namely the use of additional
chemical reagents, pyrolysis catalysts and flame retardants, and temperature–time regimes.
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