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Small-Angle X-Ray Scattering Studies
of Pore Structure in Cellulose Membranes
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Small-angle X-ray scattering experiments were carried out on cellulose membranes obtained by phase inversion
from a solution of the polymer in 1-ethyl-3-methylimidazolium acetate, by coagulation in water and selected primary
alcohols. The invariant, Q, and the Guinier radius, RG, computed directly from the small-angle X-ray scattering
curve allowed us to estimate the pore dimensions and the pore volume fraction. It was found that both content and
dimensions of pores depend on molecular mass of the coagulant used. Also, it was found that the dipole moment
of coagulant molecules has a large influence on the volume content of the pores.
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1. Introduction

Among the natural organic compounds cellulose is seen
as the most widespread, inexpensive, biodegradable poly-
mer derived from renewable sources [1], which is widely
used in various industries [2, 3]. Cellulose is a linear poly-
mer linked with stable glycosidic bonds, accompanied by
intra- and intermolecular hydrogen bonds which makes
this polymer insoluble in water and in most organic sol-
vents [2, 4, 5]. No solubility poses serious limitations in
cellulose processing technology.

An interesting group of new solvents are ionic liq-
uids, often referred to as “green” solvents. Due to the
biodegradability [6] and low toxicity [7] they are consid-
ered to be environmentally friendly solvents, which may
eventually replace the traditional systems that are ca-
pable of dissolving cellulose [8, 9]. Cellulose dissolved in
ionic liquids can be easily coagulated, using polar solvents
such as water, acetone, ethanol, dichloromethane, ace-
tonitrile, or by using a mixture of these solvents [10, 11].
The process of precipitation and selection of the coagu-
lant affects the coagulated polymer structure.

Among products made from regenerated cellulose,
which deserve special attention, are certainly membranes.
These materials are widely used in a variety of mem-
brane separation techniques, such as dialysis, ultrafil-
tration, fraction and purification of mixtures, which are
used in sewage treatment plants in the process of wa-
ter treatment, in the chemical and food industry, as
well as in environmental protection, biochemistry, and
medicine [12, 13]. According to the literature reports,
the factors affecting the properties of membranes include,
among others, the type of coagulating bath, its concen-
tration, and the time of film formation [12].
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This paper presents an analysis of the porous cellu-
lose membranes structure using the small angle X-ray
scattering (SAXS) method. Using this method, the pore
dimensions and the pore volume fraction have been de-
termined. The studies characterize pore sizes on length
scales from 1 nm to 60 nm, according to the resolution
of the SAXS equipment used.

2. Experimental

2.1. Preparation of a cellulose solution and membranes
A 5% solution of the long-fiber cellulose in the ionic liq-

uid — 1-ethyl-3-methylimidazolium acetate — was pre-
pared. To do this, appropriate amounts of cellulose and
ionic liquid were weighed, everything was mixed well and
then heated in a microwave oven until clear solution was
obtained. The solutions were allowed to deaerate for 24 h.

Cellulose membranes were prepared using phase inver-
sion method. For this purpose, a 5% solution of the cel-
lulose in the ionic liquid was poured onto the leveled,
clean glass plate forming a polymer film using membrane
applicator with a gap width of 0.2 mm (200 µm).

Then the plate with a spread cellulose solution was
transferred to a coagulant bath. Water and the selected
primary alcohols, listed in Table I, were used for the co-
agulation of the membranes. The membranes obtained
in this way were placed between the layers of filter paper,
pressed and left to dry.

2.2. SAXS measurements

The small-angle X-ray scattering (SAXS) measure-
ments were carried out with the compact Kratky camera,
equipped with the SWAXS optical system of HECUS-
MBRAUN (Austria). The Cu target X-ray tube, oper-
ated at: U = 30 kV, I = 10 mA was used as a radiation
source (λ = 0.154 nm). The SAXS data were collected as
a function of the scattering vector q = (4π/λ) sin θ, where
2θ is the scattering angle. The moving slit method [14]
was applied for determination of the transmittance fac-
tor of the sample. The sample holder background was
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TABLE I

Characteristics of the samples used for the study and val-
ues of structural parameters obtained by means of SAXS
method.

Coagulant SAXS results

Sample Type
Molar
mass

Dipole
moment

RG Φ

[g/mol] [D] [nm] [%]
M methanol 32.04 1.70 11.0 ± 0.3 0.71
E ethanol 46.07 1.69 12.2 ± 0.2 0.39
P 1-propanol 60.1 1.58 12.9 ± 0.3 0.30
B 1-butanol 74.12 1.66 13.9 ± 0.4 0.39
Pe 1-pentanol 88.15 1.64 15.0 ± 0.4 0.32
H 1-hexanol 102.17 1.42 16.7 ± 0.3 0.69
O 1-octanol 130.23 1.71 19.3 ± 0.5 1.82
W water 18.02 1.85 13.9 ± 0.3 0.30

subtracted from the SAXS curves and next curves were
corrected taking into consideration both sample thick-
ness and transmittance. The data were converted to ab-
solute intensities with a calibrated Lupolen® (polyethy-
lene) standard [15].

3. Results and discussion

The SAXS curves of investigated cellulose membranes
are shown in Fig. 1 in double-logarithmic plots. It is
clear that scattering intensity of the membranes coagu-
lated in 1-hexanol and 1-octanol is much stronger than
for other membranes. Because small-angle X-ray scatter-
ing is conditioned by the existence of the electron density
inhomogeneities in the sample, which in the case of cellu-
lose membranes is due to the existence of pores in them,
the higher intensity is caused by higher content of the
pores in these membranes.

Fig. 1. Double logarithmic SAXS-curves of cellulose
membranes.

Content of pores can be determined by calculating
the so-called scattering power, or invariant Q, using the
equation

Q =

∞∫
0

q2I(q)dq = ϕ(1 − ϕ)(∆ρ)2, (1)

where I(q) is the corrected SAXS intensity, Φ is the vol-
ume fraction of pores and ∆ρ is the electron density dif-
ference between the pores and cellulose. The pores may
be assumed to be entirely air filled in dry membranes.
The electron density difference between cellulose and
pores was calculated to be ∆ρ = 511 electrons/nm3 [16].
Calculated by Eq. (1) values of Φ are presented in Table I.

For the determination of pore sizes the Guinier ap-
proximation, describing the scattering intensity for small
values of the scattering vector q, can be used

I(q) = I0 exp

(
−q

2R2
G

3

)
. (2)

This equation describes the mean intensity of the ra-
diation scattered by a particle of any shape, averaged
through all its possible orientations in space. The pa-
rameter RG is the electron radius of gyration, also called
the Guinier radius. RG can be determined from the slope
of the plot of ln(I(q)) versus q2 using the intensity data
in the low q region. An example Guinier plot for a mem-
brane B is shown in Fig. 2, and RG values for all inves-
tigated membranes are given in Table I.

Fig. 2. The Guinier plot for the sample B.

Analysis of the results (Table I) indicates strong de-
pendence of the Guinier radius of pores on the molar
mass of coagulant used. Figure 3 shows that the RG in-
creases almost linearly with increasing molar mass of the
organic coagulant. Water is an inorganic compound, so
it is not surprising that in this case value of RG does
not correspond to this relationship (sample W ). Water
is the simplest and cheapest polar solvent and therefore
has been used as a coagulant to obtain cellulose mem-
branes. This coagulant has the lowest molar mass and
largest dipole moment of all the other coagulants used
in this work. The role of these two factors will be dis-
cussed later in this article. The volume fraction of pores
in the studied membranes also depends on the coagulant
molar mass. In Fig. 3 it can be seen that the pore con-
tent is almost the same in the range of molar mass from
18.02 g/mol to 88.15 g/mol. The only exception is here
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the sample M , for which the Φ considerably exceeds the
average value in that range. For membranes prepared
using coagulants of the highest molecular mass, the con-
tent of the pores increases rapidly and for the membrane
coagulated in 1-octanol is almost five times higher than
in membranes obtained using coagulants of lower molar
mass.

Fig. 3. The radius of gyration (RG) and the volume
fraction of pores (Φ) as a function of a coagulant molar
mass.

To better understand the results obtained, the mech-
anism of solvation of cellulose at the microscopic level
should be taken into account. The ionic liquid used to
dissolve the cellulose is a chemical compound consist-
ing of ion-bonded anion and cation. In the liquid state
at room temperature the solvent molecules are dissoci-
ated. After mixing the cellulose and the ionic liquid these
cations and anions attack the hydrogen bonds of cellu-
lose, tearing them. Disruption of hydrogen bonds results
in the separation of individual cellulose chains and allows
them to entry into the solution. Regeneration of cellu-
lose is based on precipitation of cellulose solution by the
polar solvent (coagulant), which washes a ionic liquid,
but does not dissolve cellulose. Washing the ionic liq-
uid results in the formation of hydrogen bonds between
cellulose chains, resulting in recovery of the structure of
regenerated cellulose. The process of removing the sol-
vent molecules by the coagulant molecules leads to the
formation of the porous structure of the resulting cellu-
lose. Therefore, it appears that the molecular weight of
the coagulant molecules has a significant impact on the
size of the pores formed in this process.

Coagulation process, described above, is based mainly
on the Coulomb interactions between molecules of the
solvent and the coagulant. It therefore seems reasonable
that this process will also depend on the value of the
dipole moments of interacting molecules. Our research
has shown that the dipole moment of the coagulant is
the second factor determining the content of pores in
membranes, in addition to the molar mass. However,
the effect of both these factors is complex, as illustrated
in the dependence of the content of pores as a function
of dipole moment shown in Fig. 4. Undoubtedly, the

Fig. 4. The volume fraction of pores (Φ) as a function
of a coagulant dipole moment.

content of the pores in the membrane is greatest when
the value of the two factors is large, as in the case of sam-
ple O. If the dipole moment is large, and the molar mass
is small, as in the case of water, the content of the pores
is small. The same is true in the opposite case, when
the molecular weight is relatively large, but the dipole
moment is small, as in the case of the membrane H.

Summing up, discussed above studies have shown the
influence both the molar mass and the dipole moment
of coagulant on the content and size of the pores in the
cellulose membranes. However, it is difficult to definitely
determine which of these factors have a crucial impact
on the number of pores in the membranes. It should be
emphasized that, according to our knowledge, presented
studies are the first attempt to establish at the molec-
ular level the physical factors affecting these structural
parameters of membranes that are important from the
point of view of their applications.

4. Conclusions

The SAXS results show the existence of pores with a
size of nanometer in the studied cellulose membranes.
This study suggests that both content and dimensions of
pores depend on molecular mass of the coagulant used.
Also, it was found that the dipole moment of coagulant
molecules has a large influence on the volume content of
the pores. The highest content of pores is obtained when
these two factors represent a substantial value. In the
case where any of these factors is of little value pore con-
tent decreases significantly.
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