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Abstract—The process of film formation including the initial treatment of thin layers of cellulose solutions in
N-methylmorpholine N-oxide with isobutanol followed by washing with water is investigated in detail, and
the structural and morphological features of the obtained films are examined. The phase state of the N-meth-
ylmorpholine N-oxide–isobutyl alcohol system is studied by differential scanning calorimetry and optical
interferometry, and a diagram describing the crystalline equilibrium and allowing determination of the tem-
perature–concentration “window” of compatibility of components is constructed. The dependence of vis-
cosity of N-methylmorpholine N-oxide solutions in isobutanol on temperature confirms the phase composi-
tion of the system. The process of film formation is modeled by analyzing the diffusion zone of the cellulose
solution–isobutyl alcohol system. The IR study of the interaction of N-methylmorpholine N-oxide contain-
ing 13.3% water with isobutanol shows that the affinity of isobutanol for water is much higher than that for
N-methylmorpholine N-oxide. For this reason, when the spinning solution is brought in contact with isobu-
tanol, the redistribution of water between the interacting components occurs and the structure of the hetero-
geneous gel-like complex cellulose–N-methylmorpholine N-oxide–isobutanol “is frozen,” as proved by the
X-ray diffraction study of the films. Complete removal of the solvent and isolation of cellulose from this film
proceed only upon subsequent washing with water. The X-ray diffraction and optical interferometry study of
the effect of temperature on the interaction of a hot cellulose solution with cold isobutanol suggests that at
room temperature the film obtained from solution contains inclusions of the vitrified N-methylmorpholine
N-oxide. Under isothermal conditions (at a temperature of 90°С), the rate of interdiffusion grows appreciably
and the solution preserves the homogeneous structure. Thus, the precipitation of cellulose from the bicom-
ponent solvent N-methylmorpholine N-oxide–water upon contact first with isobutanol and then with water
proceeds via two stages: initially the system undergoes phase separation and a concentrated solution is formed
in the isobutanol-N-methylmorpholine N-oxide blend, from which cellulose precipitates upon interaction
with water. When the process of primary interaction of the solution with alcohol is conducted under the con-
ditions of compatibility of isobutanol with N-methylmorpholine N-oxide, a more homogeneous morphology
of the films can be obtained.
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INTRODUCTION
Cellulose, being a constantly renewable source of

raw materials, is the most demanded natural material
for the manufacture of fibers, films, and membranes
[1–3]. The regular structure of cellulose (primary and
secondary hydroxyl groups form a highly organized
system of intramolecular and intermolecular hydrogen
bonds) provides a high melting temperature, which is
higher than the degradation temperature of the poly-
mer; therefore, dissolution is the only way to obtain
spinning systems for the formation of fibers and films
[4]. However, a high density of the system of hydrogen

bonds limits the solubility of cellulose in most conven-
tional solvents [5]. As a consequence, the viscose
manufacture of cellulose fibers [6], in which cellulose
is involved in etherification with CS2 and cellulose
xanthogenate is formed at the stage of reduction by
sulfuric acid accompanied by the evolution of H2S, has
predominated in the chemical industry up to now. The
introduction of restrictive standards on the emission
of CS2, Н2S, Zn++, and other harmful compounds in
most countries led to the shutdown of viscose produc-
tions and their partial transfer to the Asian region,
598
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where the environmental requirements are not so
strict.

This circumstance and the demand for cellulose
fibers initiated the search for new methods of their
production. These developments relied on two main
parameters: high reactivity with respect to cellulose
and ecological friendliness [7]. For example, a class of
nonaqueous solvents, oxides of tertiary amines, was
discovered, among which N-methylmorpholine N-
oxide (MMO) hydrate was found to be the most
promising solvent for cellulose [8]. This process is
unique because the amount of components in the sys-
tem cellulose–ММО–water is invariable at the stage
of both cellulose dissolution and precipitation and
only the phase composition changes. The use of
ММО makes it possible to obtain concentrated cellu-
lose solutions and to form fibers and films on their
basis [9].

As was shown in [10, 11], cellulose films synthe-
sized from ММО solutions, like cellophane films, can
be used as membranes, for example, for hemodialysis.
Owing to their structural features, the films are almost
impermeable to a number of liquids, for example,
alcohols [12]. In order to increase the rate of liquid
stream passage through the film (permeability of the
film), while preserving its selectivity, a partial disor-
dering of the cellulose structure in the film is required.
One of the promising ways to solve this problem is to
use various alcohols as a medium in coagulation and
wash baths during formation of films (fibers) from cel-
lulose solutions in ММО [13, 14].

Alcohols are amphiphilic in nature owing to the
presence of a polar hydroxyl group and an apolar
hydrocarbon fragment. The acidic properties of alco-
hols are associated not only with the difference in the
electronegativities of oxygen and hydrogen atoms in
the hydroxyl group but also with the nature of radical.
For example, methanol exhibits stronger acidic prop-
erties than water, because the acidity constant pKα of
methanol is 15.5 [15] while that of water is 15.7. With
increasing size of the aliphatic radical, the acidity of
alcohols is reduced, achieving 17.1 for propanol and
18.0 for butanol. The branched character of the alkyl
group leads to even smaller acidity values of alcohols.
According to this reasoning and taking into account
the basic character of MMO as a solvent, it can be
assumed that alcohols are milder precipitants of cellu-
lose than water. The branched character of aliphatic
groups is responsible for certain steric hindrances
affecting diffusion processes in solvent–precipitant
systems. This makes it possible to control the kinetics
of precipitation of fibers and the rate of structural
rearrangements in cellulose.

The replacement of an aqueous precipitating bath
with an ethanol one [16] allowed one to reduce the
structural order and led to a decrease in the degree of
orientation of cellulose macromolecules and in the
elastic modulus of the resulting fibers. The transition
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from ethanol to higher alcohols causes a more pro-
nounced disordering of the structure and leads to
reduction in the rigidity of the final articles. For exam-
ple, a number of higher alcohols were used as precipi-
tating agents in coagulation baths to decelerate crystal-
lization processes occurring during cellulose precipi-
tation [16–18].

Another way of controlling cellulose structuring
processes during formation of fibers and films is vari-
ation in the rate of mass exchange processes through a
change in the temperature of a precipitating agent. As
was shown in [14], an increase in the temperature of
isopropanol in the precipitating bath from 20 to 35°С
entails the growth of microporosity (the effective pore
radius is less than 1000 А) and causes an increase in
the amount of macrodefects (vacuoles) in the spun
fibers.

When aqueous precipitating baths are replaced
with alcohol (or other baths) during spinning of fibers
and films from cellulose solutions in ММО, an
important role is played by the phase states of the sys-
tem ММО–water–precipitant. This problem was dis-
cussed in the most detail in [18]. Using optical meth-
ods, the phase state of the ternary system ММО–
water–isobutanol was investigated, the phase diagram
was constructed, and the ways of solvent and precipi-
tant regeneration were proposed.

To carry out this approach further, it is extremely
important to widen the scope of the study, that is, to
analyze variation in the phase state of the system
ММО–isobutanol–water with the ratio of compo-
nents and temperature in order to ascertain optimum
conditions of polymer isolation from the spinning
solution as a gel film of a certain structure. Therefore,
the goal of this work is to study the possibility of con-
trolling the processes of creation of the structure and
morphology of cellulose films formed from solutions
of MMO or isobutanol solely or sequentially from
isobutanol and water taking into account evolution in
the phase composition of the multicomponent system
during the process.

EXPERIMENTAL

We used cellulose sulfate (Baikal Pulp and Paper
Mill, Russia) (DP = 600, moisture content of ~8%,
weight content of α-cellulose in the dry residue of
~94%). N-Methylmorpholine N-oxide monohydrate
(Demochem, China) containing 13.3% water (Тm ~
77°C) was used as a solvent for cellulose. To suppress
thermo-oxidative degradation processes, 0.5% propyl
gallate (Sigma-Aldrich, United States) was added to
the system. Isobutyl alcohol (Komponent-Reaktiv,
Russia) was used as a precipitating agent.
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Cellulose solutions (12%) in ММО monohydrate were prepared according to the solid-phase dissolution
technique described in [19]:

Owing to stronger donor properties, MMO mole-
cules rupture first intermolecular and then intramo-
lecular Н bonds and form solid solutions. Subsequent
heating to the melting point of the solvent and addi-
tional homogenization at a temperature of 100°C by
passing through a capillary (the channel geometry d =
0.5 mm and l/d = 10) of a Rheoscope 1000 viscometer
(CEAST, Italy) gave rise to liquid spinning solutions.
The quality of cellulose solutions in ММО and their
morphology at different temperatures were investi-
gated by polarization optical microscopy using a Boe-
tius microscope (VEB Kombinat Nadema, former
German Democratic Republic).

The viscosity of the ММО–isobutyl alcohol sys-
tem at various temperatures was measured on a
Kinexus-pro+ rotary rheometer (Malvern Panalytic,
United Kingdom) equipped with a cone–plane oper-
ating unit with a diameter of 50 mm. Tests were con-
ducted under the steady-state f low in the regime of
fixed shear rate (1 s–1). The testing temperature was
varied within 10–100°C.

The compatibility of ММО–isobutyl alcohol sys-
tems and cellulose solution in ММО–isobutyl alcohol
was studied by optical interferometry in the tempera-
ture range of 20–90°С. This method enables registra-

tion of the distribution of components in the process
of interdiffusion [20]. An analysis of concentration
profiles in the diffusion zone makes it possible to con-
struct phase diagrams and to calculate parameters of
the diffusion process. The technique of experiments
and the processing of interferograms were described in
[20, 21]. Experiments were carried out in the step-by-
step heating and cooling regime.

To study the features of ММО interaction with
isobutyl alcohol, the IR spectra of solid blends were
registered in the region of full compatibility of compo-
nents and analyzed. ATR IR spectra were measured on
a HYPERION-2000 IR microscope conjugated with a
Bruker IFS-66 v/s FTIR spectrometer (Ge crystal,
50 scans, resolution of 2 cm–1, range of 4000–600 cm–1).

The thermal behavior of ММО–isobutyl alcohol
systems was studied on a Mettler Toledo DSC 823e
thermal analyzer (Switzerland). Measurements were
carried out in aluminum cruсibles with a volume of
40 μL without perforation in the temperature range of
50–100°С at a heating rate of 10°С/min. The rate of
inert gas (argon) was 70 mL/min.
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Films were formed by the rolling method on a
ChemInstruments HLCL-1000 laminator (United
States) at a temperature of 100°С. The adhering of cel-
lulose solution in ММО to rolls was prevented owing
to the use of antiadhesive poly(ethylene terephthalate)
and polyimide films. The gap between rollers was set
using calibration plates in order to obtain a solution
layer ~50 μm thick taking into account the presence of
antiadhesive films. Afterwards, the upper cover film
was removed and the solution layer formed on the
lower substrate was immersed in an alcohol precipitat-
ing bath at two temperatures: room temperature and
90°С. The bath volume was one liter. After the film
was immersed in the bath, the lower substrate was also
removed. The films were in the alcohol bath for one
day and then were placed for another day in the aque-
ous bath of the same volume. Prolonged washing with
water was repeated two times. The films were dried
under room conditions in a frame preventing shrink-
age until equilibrium water content was attained.

The structure of the films was studied by X-ray dif-
fraction on a Rigaku Rotaflex D/MAX-RC setup
equipped with a rotating copper anode (the X-ray
source operating mode: 30 kV, 100 mA, the wavelength
of characteristic radiation λ = 0.1542 nm, CuKβ radia-
tion absorbed by the nickel filter), a horizontal goni-
ometer, and a scintillation detector. X-ray diffraction
patterns were taken in reflection and transmission
geometries according to the Bragg–Brentano scheme
in the continuous θ–2θ scan mode in the angular
range of 2.5°–50.0° at a scan step of 0.04° at room
temperature.

The surface and cross-section morphology of
freeze-dried cellulose films was studied by low voltage
scanning electron microscopy (SEM) on a FEI Scios
microscope (United States) at accelerating voltage less
than 1 kV in the secondary electron mode.

The amount of residual solvent in the films was
estimated using a Thermo Scientific Flash 2000 mul-
tielement CHNS/O analyzer (United States).

RESULTS AND DISCUSSION
When the films were formed from 12% cellulose

solution in isobutanol at room temperature, the color
of the layer changed from amber, transparent to white;
that is, the sample fully lost transparency possibly as a
result of specific phase decomposition and underwent
cornification. To gain insight into reasons behind this
behavior of the as-formed cellulose film, samples kept
in isobutyl alcohol for a day were chosen and their
structure was studied after drying in air to a constant
weight (Fig. 1).

As is seen in Fig. 1, the diffraction pattern shows
only a single broad peak in the range of angles 2θ ~
20°. The pattern of the curve almost fully coincides
with the diffraction patterns of cellulose solutions in
ММО [22]. It is possible that, in a milder alcohol pre-
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cipitant, mass-exchange processes and solvent
removal from solution layer proceed more slowly than
those in aqueous baths. As a result, the residual solvent
should certainly affect the structure of the as-formed
cellulose film, which in this case is similar to the struc-
ture of solution.

Elemental analysis of the chemical composition of
the films demonstrated that the film precipitated in
isobutyl alcohol contained a considerable amount of
ММО. It was found that in the film the content of
nitrogen involved in the composition of the ММО sol-
vent is less than 1% of the sample weight. This fact
gives us grounds to assume that, during precipitation
of solution layer in isobutanol, more than 10% ММО
can remain in the film and, as is seen from the diffrac-
tion pattern in Fig. 1, ММО occurs in the amorphized
(vitrified) rather than crystalline state. Possibly, this is
associated with the features of specific interaction of
ММО with isobutanol.

To verify this assumption, interaction of the pair
ММО–isobutyl alcohol was studied by different
methods. However, it should be taken into account
that owing to polarity and electron-donating ability,
ММО has a high affinity for water and can form three
thermodynamically equilibrium crystal hydrate forms:
2.5 hydrate containing 28% water, Тm = 38°С; mono-
hydrate containing 13.3% water, Тm = 78°С; and many
nonequilibrium sesquihydrate forms. For anhydrous
ММО, Тm = 180°С.

In turn, isobutanol containing branched hydro-
phobic aliphatic groups is limitedly compatible with
water. At room temperature, the blend undergoes
delamination into aqueous and organic phases con-
taining ~10% of the second component. In addition,
isobutanol forms an azeotrope with water which con-
tains 33 wt % water and has a boiling temperature of
89°С. There is no doubt that such a different behavior
of components in the system ММО–isobutyl alcohol
during interaction with water needs detailed study.

The DSC study of the system ММО–isobutyl
alcohol (Fig. 2) showed that the introduction of isobu-
tanol in a solvent entails reduction in its melting tem-
perature. At a weight fraction wisobutanol of 0.5, the ther-
mal effect of ММО melting disappears completely.
This is evidence that the components are fully com-
patible; that is, the solution is formed.

Important information about the phase behavior of
the system MMO–isobutyl alcohol is provided by the
rheological behavior of blends of different composi-
tions at different temperatures. The temperature
dependence of the viscosity of the blends is presented
in Fig. 3.

Three regions can be distinguished on the tempera-
ture dependence of viscosity obtained under cooling of
molten blends from 100°С to room temperature. The
first region is in the temperature range from 100 to
80°С, in which viscosity is almost independent of tem-
perature. The break of the curve observed at 80°С



602 MAKAROV et al.

Fig. 1. Diffraction pattern of the cellulose film obtained by
precipitation in isobutyl alcohol and dried under room
conditions.
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Fig. 2. Thermogram of (1) the blend ММО–isobutyl alco-
hol with a mass fraction of isobutanol wisobutanol of
(2) 0.05, (3) 0.15, (4) 0.30, and (5) 0.50.
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Fig. 3. Temperature dependence of viscosity of the system
ММО monohydrate–isobutyl alcohol at the MMO con-
tent in the blend of (1) 100, (2) 95, (3) 90, and (4) 80%.
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indicates the transition of the system to the second
region, nucleation, which is characterized by the
appearance of nuclei of the crystalline phase of ММО.
However, the effect of supercooling typical of large
molecules, the more so under deformation of the sys-
tem, inhibits the process of crystallization; therefore,
the region with a gradual increase in viscosity is
observed up to 40°С. Then follows the third region,
the region of rapid crystallization, which is accompa-
nied by a sharp drop of viscosity and full loss of f low-
ability. An increase in the content of alcohol in the
blend ММО–isobutyl alcohol entails reduction in vis-
cosity and temperature at which the blend crystallizes.

The character of diffusion processes occurring
during the contact of ММО with isobutyl alcohol at
different temperatures was investigated by optical
interferometry. Figure 4 shows the typical interfero-
grams of the interdiffusion zone for the system
ММО–isobutyl alcohol at different temperatures.

As is clear from the interferograms, at temperatures
of 26 and 42°С, only partial compatibility of the com-
ponents is observed, and only at a temperature of 78°С
does the interface disappear, thereby suggesting their
unlimited mutual solubility. According to the interfer-
ograms, the boundary concentrations of the compo-
nents in the interdiffusion zone were determined and
the dependence of the temperature of transition to the
single-phase state on composition was constructed
(Fig. 5). In addition to the interferometry data (curve
1), the figure presents the corresponding dependences
of transition points determined by DSC (curve 2). In
fact, these dependences reflect phase equilibria in the
system; that is, these are phase diagrams. This system
PO
is characterized by crystalline equilibrium. At a tem-
perature above the liquidus line, the components are
fully compatible.

The obtained phase curves make it possible to esti-
mate the temperature–concentration interval in
which the system is a single-phase solution. A similar
character is also exhibited by the dependence of break
points on the temperature dependences of viscosity
shown in Fig. 3. However, the rheological behavior is
too sensitive to the overcooling processes. Moreover,
LYMER SCIENCE, SERIES A  Vol. 61  No. 5  2019
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Fig. 4. Interferogram of the interdiffusion zone for the system ММО–isobutyl alcohol at temperature of (a) 26, (b) 42, and
(c) 78°C.
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the viscosity does not ref lect the thermodynamics of
the process of phase transition; therefore, these data
are omitted in Fig. 5.

Because ММО is a strongly polar hydroscopic sol-
vent always containing water, it is of interest to analyze
features of its behavior with isobutyl alcohol using IR
spectroscopy. For example, we registered the IR spec-
tra of ММО obtained from solutions in isobutyl alco-
hol and water as a result of evaporation of alcohol or
water.

A comparison of the IR spectra of ММО obtained
from isobutyl alcohol and water (Fig. 6) reveals an
increased intensity of bands in the region of stretching
vibrations of –ОН bonds (3400–3500 cm–1) and
stretching (2800–3000 cm–1) and bending (1360–
1470 cm–1) vibrations of ССН bonds and angles. Note
that the spectrum of ММО obtained from alcohol
POLYMER SCIENCE, SERIES A  Vol. 61  No. 5  2019
exhibits absorption bands due to alcohol. It is worth
noting that the intensity of the band at 1660 cm–1

(bending vibrations of Н–О–Н bonds) in the spec-
trum of ММО obtained from isobutyl alcohol is very
high and that the band at 675 cm–1 due to the libration
vibrations of water is present in this spectrum. Both of
these bands can be attributed solely to vibrations of
water molecules, and in the spectrum of ММО
obtained from isobutyl alcohol, they are more intense
than those in the spectrum of ММО obtained from
water. As follows from analysis of the spectra, in the
system ММО–water–isobutanol, alcohol is bound by
hydrogen bonds with water. This bonding is so strong
that a part of water is released from ММО crystals and
occurs as a separate liquid phase (the intense band at
1660 cm–1) and possibly as a water–alcohol associate.
The existence of such associates is indicated by a broad
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Fig. 5. Phase diagram of the system ММО–isobutyl alco-
hol: (I) phase of liquid solution formation and (II) phase
separation of components to liquid isobutyl alcohol and
crystalline MMO; the phase equilibrium is determined by
(1) interferometry and (2) DSC. 
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band at 2250 cm–1. Hence, it can be assumed that
water is involved in the interaction of ММО crystal
hydrates with isobutyl alcohol.

The revealed association of ММО hydrates with
isobutyl alcohol should certainly contribute to the
understanding of specific interaction appearing upon
contact of cellulose solution with isobutyl alcohol
under formation conditions. The use of interferometry
makes it possible to model these processes directly in
the cell of the optical interferometer. It should be
emphasized that, in order to gain insight into the role
of phase state of the blend MMO–isobutyl alcohol,
experiments were conducted at two temperatures:
room temperature, at which the blend can be two-
phase depending on composition, and 90°С, that is, in
the region of full solubility of butanol in MMO.

Figure 7 shows interferograms reflecting the inter-
diffusion of components of this system at 25°С. It is
seen that, at the beginning of contact, the interdiffu-
sion process occurs fairly intensely, as evidenced by
the tempo of widening the dark region in the interdif-
fusion zone and the appearance of droplets of the liq-
uid phase in cellulose solution in the region close to
the interdiffusion zone (Fig. 7a). The intense diffusion
of isobutanol having a high affinity for water triggers
the redistribution of water in the system and, accord-
ingly, the saturation of diffusing stream of alcohol with
water. When the limiting concentration of compatibil-
ity is exceeded, the phase isobutyl alcohol–water
delaminates and water droplets appear in the contact
region (Fig. 7b). In addition, in this zone, from the
solution side, a transparent layer is formed, in which
interference fringes are seen.

Diffusion is intense from both sides, as indicated by
the bends of interference fringes; however, issues as to
what diffuses from the side of solution and what is the
nature of the transparent liquid phase formed in solu-
tion at the boundary with alcohol are not so simple as
they seem at first glance. As was mentioned above, the
strong interaction of isobutanol with water results in
the detachment of crystallization water from ММО
molecules and its diffusion in isobutyl alcohol. In this
case, the electron-donating activity of ММО grows,
because free unshared electron pairs appear on the
oxygen atom of the N–O bond and ММО molecules
begin to interact with the hydroxyl groups of isobuta-
nol. In other words, in ММО molecules, crystalliza-
tion water is replaced with isobutanol molecules;
therefore, in general, the state of the system changes
substantially. Instead of a molecule of ММО hydrate,
which is a solvent for cellulose, solvate isobutyl alco-
hol–ММО, which is a thermodynamically poor sol-
vent (rather, precipitant) of cellulose, is formed. In
addition, this solvate, owing to the presence of
branched hydrophobic aliphatic ligand in an isobuta-
nol molecule, possesses unfavorable steric parameters.
This, first, may hamper its crystallization and, second,
will affect diffusion processes, decelerating the kinet-
PO
ics of precipitation and the rate of structural rear-
rangements in cellulose. It is likely that a change in the
phase composition of solution can initiate microphase
amorphous lamination of the hydrophilic system
polymer–solvent in the environment of the hydropho-
bized liquid phase. That is why no reflections of the
crystalline MMO are detected in the film layer dried in
air (Fig. 1).

With an increase in the time of contact between
solution and precipitant, the considered diffusion pro-
cesses become more distinct: the dark region in the
interdiffusion zone increases and shifts to the side of
solution and the amount of droplets of the aqueous
phase on the interface grows appreciably. After 45 min,
the interdiffusion processes fully stop, and it appears
as if freezing of the amorphous solution without isola-
tion of the crystalline cellulose takes place.

As regards a wide dark region of the interdiffusion
zone, it is improbable that its appearance is associated
with the formation of a dense heterogeneous gel-like
film that fully blocks the stream of isobutanol to solu-
tion. Meanwhile, in the amorphous solution, as is seen
from the interference picture presented in Fig. 7, the
formed solvates ММО–isobutyl alcohol cause the
processes of further phase transformations, as a result
of which water is released in the bulk of solution,
thereby initiating the precipitation of cellulose in the
microvolumes of solution. The totality of the consid-
ered factors contribute to the microheterogeneous
LYMER SCIENCE, SERIES A  Vol. 61  No. 5  2019
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Fig. 6. IR spectra of ММО obtained from (1) isobutyl alcohol and (2) water.
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Fig. 7. Diffusion interaction of isobutyl alcohol with 12% cellulose solution in ММО at 25°С after (a) 1, (b) 10, and (c) 45 min.
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amorphous lamination of cellulose solution, causing
its “whitening.”

When the film is formed in isobutanol at a tem-
perature of 90оС, washed with isobutyl alcohol, and
dried, the resulting film is nontransparent and luster-
less. The X-ray diffraction pattern of such a film
POLYMER SCIENCE, SERIES A  Vol. 61  No. 5  2019
(Fig. 8), much like the case of cold alcohol, shows
only an amorphous halo in the range of 2θ ~ 20°. This
finding gives us grounds to state that the structure of
cellulose is fully amorphized.

The interferometry studies of phase transforma-
tions occurring during the contact of cellulose solution
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Fig. 8. Diffraction pattern of the cellulose film obtained by
precipitation in isobutyl alcohol at a temperature of 90°C
and dried under room conditions.
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2θ, deg
with a hot alcohol bath (Fig. 9) indicate a high rate of
interdiffusion. In this case, a liquid solution of cellu-
lose in MMO is implemented. This makes it possible
to remove microheterogeneity inherent in solution at
room temperature and to observe interference fringes
of the homogeneous solution. Note that the interdif-
fusion zone also becomes dark and water droplets are
formed on the solution side. The opacity of the inter-
action zone provides evidence that a heterophase
(nontransparent) multicomponent film is formed.
Thus, the precipitation of cellulose upon contact with
hot isobutanol is analogous to that in the previous
case; that is, an amorphous film saturated with isobu-
tanol is formed. It is not impossible that almost no
MMO crystal hydrate, which at this temperature is
PO

Fig. 9. Diffusion interaction of isobutyl alcohol with 12% ce

(а)

(b)

Isobutanol

Isobutanol
soluble in isobutanol, remains in solution. This is
apparently the crucial moment, because during wash-
ing with water and isolation of the cellulose film, its
morphology is not complicated by the crystallization
of MMO.

Moreover, in the preparation of interdiffusion
experiments, the liquid solution of cellulose was
loaded in the cell at a temperature above 100°С so that
the thin layer could be obtained. In the course of time
and especially during contact with cold isobutanol, it
becomes cool and the crystallization of MMO begins
in it (Fig. 7). Isobutanol “takes away” water from crys-
tal hydrate and occupies its place. In this case, crystal-
linity apparently disappears, but the heterophase state
(possibly, amorphous delamination) remains. When
interaction with isobutanol is conducted at 90°С, the
interdiffusion process proceeds under isothermal con-
ditions, and in general there is no crystallization of
MMO and the exchange of water for isobutanol in the
MMO solvate proceeds under homogeneous condi-
tions.

Thus, the morphologies of the cellulose films in
two experiments should be much different, although
in both cases the contact of solution with isobutanol is
followed by washing with water, during which MMO is
fully removed and the cellulose film is formed.

Let us consider first the structure of cellulose films
obtained upon the contact of solution with isobutanol
of different temperature and water treatment.
Figure 10 presents the diffraction patterns of cellulose
films formed in isobutyl alcohol at a temperature of 25
and 90°С followed by washing with water.

As is seen from Fig. 10, the diffraction patterns of
the cellulose films formed in isobutyl alcohol at differ-
ent temperature followed by washing with water show
two basal peaks with angular positions of 2θ ~ 12°
(d ~ 0.737 nm) and 2θ ~ 20.5° (d ~ 0.433 nm), as is
typical of the structure of cellulose II [23]. With
LYMER SCIENCE, SERIES A  Vol. 61  No. 5  2019

llulose solution in ММО at 90°С after (a) 1 and (b) 10 min.
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Fig. 10. Diffraction pattern of cellulose films obtained by
precipitation in isobutyl alcohol at (1) 25 and (2) 90°С and
washed with water for two days.
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increasing temperature of alcohol, the ratio of intensi-
ties of the main peaks decreases somewhat owing to
increase in interlayer periodicity (plane 101) and
decrease in the intensity of peak 002. At the same
time, decrease in the half-width of this peak suggests a
certain increase in order in this layer.

Thus, various kinds of phase equilibrium in the
studied systems solution–precipitating agent which
are attained depending on precipitant temperature
POLYMER SCIENCE, SERIES A  Vol. 61  No. 5  2019

Fig. 11. SEM micrographs of cellulose films presented on differ
with water.

10 μm
insignificantly change the structure of the final cellu-
lose hydrate film after long storage in water (Fig. 10).

Taking into account the observed features of MMO
interaction with isobutyl alcohol (and cellulose solu-
tion with isobutyl alcohol), it is advisable to turn to
examination of the morphology of cellulose films pre-
cipitated in isobutanol at different temperatures and
washed with water. Just morphology predetermines
not only their mechanical but also separation proper-
ties. The cross section morphology of the films formed
in isobutanol at a temperature of 25°С is shown in
Fig. 11 at various magnifications.

On the micrographs of the films, defects are
observed as cracks and layered large cavities in the
polymer bulk. Their longitudinal dimension may
reach 15–20 μm; the cross section, several microns. In
more or less homogeneous regions, pores with an
average diameter of ~100 nm are seen. Most probably,
this can be explained by the presence of MMO in the
solution layer before contact with isobutanol and pres-
ervation of heterogeneity when water in the MMO
crystal hydrate is replaced with isobutyl alcohol.
Because of steric reasons, solvate MMO–isobutyl
alcohol does not crystallize, but the heterophase state
is preserved after washing with water as well. In other
words, the heterogeneity of solution is transformed
into the heterogeneity of the film.

If “freezing” of the amorphous delamination of
solution is excluded at the first stage of formation
because of an increase in the temperature of the pre-
cipitating agent, the morphology of the films is
changed substantially (Fig. 12).
ent scales after precipitation in isobutanol at 25°С and washing

1 μm
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Fig. 12. SEM micrographs of cellulose films presented on different scales after precipitation in isobutanol at a precipitant tem-
perature of 90°С and washing with water.

1 μm5 μm
Unlike defective films formed at room tempera-
ture, an increase in the temperature of alcohol to 90°С
causes emergence of an almost homogeneous mor-
phology without large defects. There are no cracks and
visible pores on the surface of the cleaved film.

We showed that the precipitation of cellulose solu-
tions in isobutanol at room temperature does not make
it possible to remove the solvent from the film being
formed during subsequent drying and entails consid-
erable defects of cellulose morphology even after
washing with water. Most likely, this is caused by the
heterophase amorphous structure of solution at this
temperature related to the formation of the MMO–
isobutyl alcohol solvate. Using differential scanning
calorimetry and optical interferometry, the phase state
of the system ММО–isobutyl alcohol was studied and
a diagram describing the crystallization equilibrium
and defining the temperature–concentration “win-
dow” of compatibility of components was con-
structed. An analysis of the diagram makes it possible
to determine the temperature–concentration region
where cellulose films are formed under conditions
excluding the appearance of morphological defects.
For example, when isobutanol with a temperature
above the liquidus line of the phase diagram was used,
films possessing an almost homogeneous morphology
were obtained.
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