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Abstract

In this paper, we describe the results of the study of an MGA-95 semipermeable composite membrane with amorphous
and crystalline regions, considering the effect of the three processes — migration, diffusion and fluid convection of solute and
solvent. It was found that during swelling the supramolecular structure of the membrane material undergoes changes caused by
deformation of the crystalline and amorphous regions of the membrane sample. The data on the amorphous regions for air-dry,
water-saturated and working semipermeable membrane samples were analyzed. The comparative analysis of the diffraction
patterns of an MGA-95 membrane showed that the external impact does not change the intramolecular structure of the
membrane. Using the experimental data and the method of small-angle X-ray scattering we calculated the size of pores for
MGA-95 and ESPA composite membranes. The findings led to the conclusion about the relative uniformity of the pore
distribution in the thickness of the active layer of the membrane, and made it possible to determine their configuration.
The data on the pore structure morphology of semipermeable membranes indicated that sorption region of MGA-95 and ESPA
membranes was formed by pores of different types with varied surface morphology; smaller radius pores had a smoother
surface, while larger pores had a rough surface. The number of larger radius pores —12.9 and 16.8 nm were equal to 20 and
35.6 % for MGA-95 and ESPA, respectively. Specific surface values for MGA-95 was Sg,= 9.15-10"m™" and for ESPA

it was S,,=5.95- 10" m ",
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Introduction

The movement of solution ions, solvent molecules
and solute inside the capillary (pores) of the membrane
is determined by the superposition of the three
processes — migration, diffusion and convection.
Generation of kinetic effects during swelling occurs
with the formation of electrical double layer (EDL) at
the ion-forming solid phase; EDL consists of the inner
layer of adsorbed ions — the Stern layer, and the layer
of diffuse moving counterions. In this case, the total
potential drop (EDL) from the charge-forming surface
is composed of the inner layer potential, the diffuse
part potential and the {-potential of the solvent [1 — 5].

Following the logic of the EDL formation, one
can confidently say that in the adsorption process
water molecules fill the capillary-porous structure of
the membrane, embedding into the surface of the ions

forming potential due to donor-acceptor bond. Thus,
the degree of filling of the pores (capillary) increases,
causing the expansion of the Stern layer with
structured water molecules, removing the diffusion
layer and leading to a decrease in {-potential.

Obviously, the formation of strong hydrogen
bonds with the surface ions of pores quite easily leads
to violations of the supramolecular structure of the
composite membrane. The penetration of the solvent
or solute, given the specifics of the structure of
cellulose acetate membranes, is possible by the
mechanisms of molecular diffusion through monolithic
layers and capillary absorption of channels or voids of
the membrane material.

This is probably due to the fact that fluid flow in
the pores is conditioned by the structural changes of
the polymer semipermeable membrane, i.e. the
presence of amorphous regions.
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Experimental

The X-ray diffraction measurements were
conducted at large angles 20 from 2-40° in the
reflection geometry using CuK, (A=1.54A)
radiation monochromatized with a Ni-filter on the
DRON-3 diffractometer with automatic recording on
the PC. We studied the X-ray spectra of the new,
water-saturated and working MGA-95 and ESPA

composite membrane samples. The obtained
diffraction patterns are shown in Fig. 1, 2.
Results and Discussion
The recorded X-ray diffraction patterns

demonstrated diffuse low-intensity peaks with maxima
at 20 angles of 8.4, 16.5, 22.5 and 25.5°. It is evident
that intensity undergoes redistribution and the diffuse
component of scattering increases in the water-
saturated sample.
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Fig. 1. X-ray diffraction patterns recorded
in the reflection geometry for:
a — dry; b — working MGA-95 membrane samples
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Fig. 2. X-ray diffraction patterns recorded in the reflection
geometry for the (a) — new sample; (b) — working sample
of the MGA-95 polymer membrane

However, the position of the X-ray scattering
peaks at angles of 16.5, 22.5 and 25.5° for the
membrane samples in different states does not change.
At the same time, the peak at an angle of 8.4°
undergoes not only a significant expansion, but also a
shift to larger angles of 9.6° for the water-saturated
membrane sample.

The comparison of our results with experimental
data [6] suggests that the X-ray scattering curves are
typical of cellulose acetates formed from solutions. In
[6] we noted that formation of mesophase with
increasing polymer concentration causes an increase
in the intensity of the X-ray reflection at 20 angles
of 7-8° and a decrease in the reflections at 26 angles
of 20-21°, which are responsible for polymer
crystallization The crystallographic calculations for

reflections at angles of 20=16.5; 22.5; 25.5°
conducted by the Bragg equation
d =A(2sin0)”", (1)

gave the following interplanar distances di¢s=
=0.597 nm; dr 5 = 0.439 nm; d>s5 = 0.387 nm, which
is consistent with the crystal lattice parameters of
o, cellulose phase in the radial diffraction of the atoms
located in (100), (010) and (110) crystallographic
planes: Thus, the reflections at diffraction 26 angles of
16.5-22.5° should be identified as the structural state
of the crystalline portion of the cellulose acetate.

In [6] we noted that the reflection at the angle of
20 = 8.4° is attributed to X-ray diffraction of the atoms
in the non-monocrystalline amorphous region of the
heterogeneous membrane structure. The comparison of
diffraction patterns (Fig. 2) of the new and working
membrane samples showed that the position of
reflections for both samples does not undergo any
changes, however, can observe decreased intensity at
the angles of 16.5, 22.5 and 25.5° in the working
membrane sample (Fig. 2, curve b).

A coincidence of diffraction angles apparently
indicates low sensitivity of macromolecules to
mechanical and thermodynamic load under cyclic
conditions. Diffuse reflections are due to various
factors, in particular, to the presence of solvent or
solution remainders in the pores or on the surface of
the membrane and residual diffractive changes in the
general structure of the membrane.

In order to explain these experimental data about
amorphous crystalline polymer membranes, it was
necessary to find the ratio of crystalline and
amorphous phases in them.

X-ray determination of the degree of crystallinity
(CD) was conducted by the Agarwal-Till method [7],
which is based on separation of reflections in
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crystalline and amorphous phases in the diffraction
patterns of polymer, and the calculation is made by the
equation:

CD = s

100% , 2)
I, +1,

where /; is total intensity of the crystalline phase,
1, is total intensity of the amorphous phase.

The degree of crystallinity for the dry, water-
swollen and working membrane samples was 57, 27
and 38 %, respectively. The calculated values of the
degree of crystallinity indicate that the amorphous
fraction in the swollen membrane sample has almost
doubled. Such a change in the degree of crystallinity
can be explained by the adsorption properties of water
molecules, which have a low molecular volume and a
strong tendency to donor-acceptor interactions with
ions potential-forming surfaces of capillary-porous
membrane space, breaking the intermolecular
interactions of cellulose, thus increasing the proportion
of amorphous regions. This explanation is consistent
with the conclusions made by the authors in [8].

To understand and explain these experimental
data, we need data on the amorphous phase in the
membrane, and its modification in operation.

For this purpose we carried out measurements and
theoretical analysis of the diffraction peaks at the
angles of 20 = 8.4° and 16.5° (Fig. 3), using the Origin
6.0 program. It was found that the Gaussian bimodal
with the characteristics of half width reflections from
the amorphous phase gives the best approximation of
these peaks.

The size of the amorphous region was determined
by the Scherrer formula [9]
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Table 1

Parameters of the supramolecular structure
of the MGA-95 membrane sample in the analysis
of amorphous diffraction patterns

Amorphous diffraction peaks

MGA-95 B; integral

ample 20tk Drek o
P & (deg)

Dry 8.4° 5.4 6.9 1.7

Water-

saturated 9.6° 6.5 8.2 1.4

(swollen)

Working 8.4° 5.6 7 1.6

The calculated parameters of the supramolecular
structure of the membrane samples are listed in Table 1
below. As can be seen from the table, the diffraction
peaks broaden and the amorphous phase decreases in
size, and that is primarily due to the changes in the
supramolecular structure of the membrane.

Based on these calculations, we can confidently
state that during swelling, the supramolecular structure
of the membrane material undergoes changes owing to
deformation of both crystalline and amorphous
components of sample phases.

It is known that the total porosity of cellulose
acetate membranes reaches 75-80 % [10, 11]. It can be
determined experimentally by barometric studies;
however, the structure of the pores and their size is
quite difficult to estimate. Direct methods of
determining the parameters are long electron
microscopy and small-angle X-ray scattering (SAXS)
[12, 13]. We obtained experimental data on the size of
gyration radius and radius of the membrane pores by
small-angle X-ray scattering in an experimental setup.

.-b)

Fig. 3. The diffraction peaks at scattering angles of 20 = 8.4’ and 16.5’
for (a) the water-saturated membrane sample, (b) the working membrane sample
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Fig 4. The experimental setup for the study of membrane pore
regions by small-angle X-ray scattering:
1 — DRON-3 diffractometer; 2 — small-angle goniometer;
3 — BDS-6 meter; 4—PC

The experimental setup for the study of pore radius by
small-angle X-ray scattering method is shown in Fig. 4.

The scanning pitch was 1 min in an automatic
mode. The plant operates as follows. A sample of the
membrane is placed in a small-angle goniometer 2,
which operates from DRON-3 diffractometer. The
data are received at BDS-6 meter and interpreted by
the computer 4. Experimental and computational
interpretation of SAXS curves was carried out using
the Origin 6.0 program [14].

The numerical value of the scattering vector
modulus was calculated as a coordinate by the
formula:

s = (4m/ 1)sin0, 4)

where 0 is scattering angle, A = 0.1542 nm is the
wavelength of the copper X-rays. The dependence of
the scattering intensity was constructed in the range of
5=0.14-3.0nm™".

Diffraction patterns in Fig. 5 and 6 show the
correlation between the light refraction angle on the
membrane and the number of pulses per unit time.

If we assume that the model exponents are ideal
scattering curves of monodisperse systems with
spherically uniform pores, the constructed curves can
be considered as a superposition of at least three ideal
exponents. This suggests that the membrane consists
of pores of different sizes, ranging from small ones,
contributing to scattering at large values of the
scattering vector (s), to the big ones, contributing to
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Fig. 5. Initial diffraction pattern for the ESPA membrane —
a solid line, for model curve — a dotted line

scattering at small values of the scattering vector (s)
[2]. One should also pay attention to the smoothness of
scattering curves for both membranes, which indicates
an irregular distribution of pores in the membrane
volume. Since the pore shape is not known
beforehand, for the analysis of SAXS curves and
calculation of the effective radius we used a tangent
method [13, 15], according to which the scattering
intensity in low angles can be calculated as a function

1(s)=1(0) exp(-R, > s*/3), (5)

where the pore size is characterized by a universal
parameter, a radius of gyration R,. Refitting the curves
1(s) as functions

In/ (s) = £ (%), (6)
we obtained the dependence
In I(s) = In I(0) — R,” 5°/3, (7)

where In /(0) is scattering intensity in a zero diffraction
angle.

Figures 7 and 8 show that curves In/(s) have
rectilinear portions with different angles of inclination.
We calculated their slope ratio and the radius of
gyration using the formula [16]:

Rgi = 0.6444/tgo , ®)

where 4 is the number of the corresponding
component. In turn, the In [(0) intercept of two
straight lines on Y-axis, taking into account the
background scattering, determines the contribution of a
given type to the scattering intensity, thus making it
possible to determine their number. The contribution
of k-type of pores was calculated by the formula:

Aln I, = In  (0) — In I, (0). 9)

The consistent application of the tangent method to the
obtained scattering curves made it possible to identify
three regions, and their corresponding values of radius
of gyration Ry of pores, and their relative volumes.
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Fig. 6. Initial diffraction pattern for the MGA-95 membrane —
a solid line, for the model curve — a dotted line
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Fig. 7. Semilogarithmic representation
for the ESPA membrane

In/, imp/s
9,04

[
=

7,0+

6,04

o 05 10 15 20 25 gl0%rad

Fig. 8. Semilogarithmic representation
for the MGA-95K membrane

The radius of gyration R, allowed for calculation
of the pore radius 7, by the formula:

r =5 (0.644 ftgat )3 (10)

The relative proportion of the pore size can be
estimated by the method described in [2, 13], which
indicates that the scattering energy for a zero angle of
diffraction is proportional to the volume fraction m, of
scattering particles (pores) where m; = AIk(O)/R3gk.
We analyzed the experimental data and determined the
distribution of the relative amount of pores my (ry).
It was found that the membranes mainly consisted of
small size pores (rmin~6,0-6,5 nm). The average
effective radius of gyration, and accordingly the pore
radius can be found as [13, 15]

m, R
Rgmean :%’ (11)
k

For the ESPA membrane the radius of gyration
Was Rgmean = 8.9 nm, and for the MGA-95K it was
Rgmean=9.0 nm. The pore radii, in turn, were
calculated from the model curves and equaled to
Rgmean=5.7 1M (Fmean = 7.3 nm) and Rgmean = 5.0 nm
(¥mean= 6.5 nm) for the ESPA and MGA-95K,
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Fig. 9. Distribution of pores in:
a — the ESPA membrane; b — the MGA-95 membrane

respectively, which significantly exceeded 10 %
relative to the average radii determined by tangent
method. This difference suggests that the sectional
shape of the pores with respect to the primary beam is
elliptical. Fig. 9 shows the distribution of the relative
number of pores in membranes m(Rg), %o.

Optimal calculated values of the radius of
gyration and pore radius for the given membranes are
summarized in Table 2.

These numerical values of the pore radius
obtained by small-angle X-ray scattering (SAXS) were
consistent with those obtained by the hydrodynamic
permeability method in [17]. It also demonstrates the
correctness of the choice of the method for the study of
the radius of gyration and the radius of pores and the
experimental data obtained by small-angle X-ray
scattering (SAXS).

Table 2

Calculated values of radius
of gyration R, and pore radius r;, nm

Membrane  Rqi ri Ry ) Ry r3

ESPA 4.8 6.2 6.4 8.3 19 25
MGA-95 5 6.4 6.7 8.6 16 20
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Fig. 10. The correlation between the intensity of small-angle
X-ray scattering and the wave vector modulus (s) for:
a — ESPA; b — MGA-95 membranes;

I — experimental curve; 2 — theoretical curve

The morphology of the surface of the MGA-95
and ESPA semipermeable membranes was studied on
the KRM-1 plant using an X-ray tube with a copper
anode and a Ni-filter with a scanning pitch 6 = 1’ in an
automatic mode. The exposure lasted 100 s in the interval
range of wave scattering vector s = 0.147-0.98 nm™',
s = 4m sinB/A (26 — scattering angle, A = 0.154 nm).

The correlation between the intensity of small-
angle X-ray scattering and the wave vector modulus (s)
are shown in Fig. 10.

The interval of dependence of small-angle X-ray
scattering intensity on the wave vector modulus (s)
was calculated by Wolf-Bragg formula

ds =2m. (12)

This formula connects the linear characteristics of
direct and reciprocal spaces, and allows obtaining
reliable information about the size of pores in the
range of 40 to 6 nm. When considering the dependence
1(s) ~ f(s) (Fig. 10), we observed the smoothness of the
scattering curves and absence of interference caused
by the interparticle interactions [18, 19]. However, if
the graph of the curve for each sample is approximated
by an exponential function, the variation of theoretical
exponent does not coincide with the experimental
curve (Fig. 10).

Hence, the nature of the experimental scattering
curves /(s) indicates that the investigated samples of

membranes contain scattering localized electron
heterogeneities (pores) of different size.

On the curves of I(s) in double logarithmic
coordinates log(/(s)) ~ log(s) we observed three
rectilinear portions, with different angular coefficients
(Fig. 11).

This is confirmed by the power law of scattering
which is expressed by the formula:

I(s)~s“, (13)

which indicates the fractal nature of scattering objects
(pores) [20, 21].

For the MGA-95 membrane the scattering index a
in the range of values s from 0.539-0.98 nm' was
equal to —3.5, from 0.136-0.36 nm' it was equal to
—1.2, from 0.147-0.1715 nm ' it was equal to —1.8.
For the ESPA membrane the scattering index in the
range of s from 0.585-0.98 nm 'was ¢ = —3.6, in the
range of s from 0.2205-0.39 nm " it was @ = —1.32 and
in the range of s from 0.147-0.1715 nm ' it was
a =-2.25. As can be seen from the data the pore space
of the investigated membranes was formed mainly by
the pores of three sizes with multiple levels of spatial
structure.

The wvalues of a=-3.5 for the MGA-95
membrane and a=-3.6 for the ESPA membrane,
according to the theory [18, 21] correspond to surface
scattering from the pores of radius 7, =5.6 nm,
ri= 5.5 nm, close to the smooth surface (for a perfect
topological surface a = 4). Decreasing values of a
indicated scattering from tortuous pores (for straight
channels a = 1) with a rough surface [20, 21]. Pores of
the radius of 9.3 and 9.54 nm showed the least
tortuosity. At the same time pores of radius of 12.9 and
16.8 nm were more tortuous.

The radius of gyration was determined by the
method described in [18, 19], i.e., the experimental
curve was considered as the sum of the curves
corresponding to the individual classes of scattering
pores with universal characteristic parameter, namely,
the radius of gyration R,.

Log(/(s))

08 46 04 02 00 Log(s)
Fig. 11. The dependence of the SAXS intensities
on the scattering angle in coordinates log 7 (s) — log (s)

for MGA-95 and ESPA membranes
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Refitting the curves I(s) as functions In(I(s)) =
=f(s") we obtained semilogarithmic dependence
Ini(s)) = Ink(0)) — s°R*,/3  (Fig. 12), where 1(0) is
scattering intensity extrapolated to the value s = 0.

Having distinguished the linear portion of the
scattering curve In/(s) = f{s*), and measured the slope
of the line, we calculated the radius if gyration by the
formula (8).

Further on the calculation procedure for R is
repeated for the next straight portion of the curve.
The radius of gyration and the pore radius are related
as in [19].

The intercept In(/(0)) on s-axis, given the
background scattering, determines the contribution of a
given type of pores to the scattering intensity, thus
making it possible to determine their number [13].

R, =3 (14)

The relative proportion of pores of a given size
was determined by the method described in [13, 19],
indicating that the energy of scattering at zero
diffraction angle is proportional to the volume fraction
my of scattering particles (pores) and calculated as
my ~ Ik(O)/R3gk.

The average radius of gyration and the average
radius of pores can be found by the following Eq. (11).

For the ESPA membrane rpean=38.7 nm,
(dwean=17.4 nm), for the MGA-95 rpean = 7.05nm
(dwean = 14.1 nm).

The values of the specific surface of the pore
space S/V were calculated from the conditions of
scattering by inhomogeneities, as a totality of particles
in a solid matrix by the formula [19]

Se=3.14m(1 —m) C4/O, (15)

where m equals the sum of m;+ m,+ m; of volume
fractions of pore radii ry, 7, 13, m;=0.09, my=0.23,
m3=0.356 for the ESPA membrane, and m;= 0.147

10+
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74
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Fig. 12. The dependence of SAXS intensity on the scattering
angle in the coordinates In(/ (s)) — s* for the MGA-95
and ESPA membranes
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Fig. 14. The dependence of SAXS intensity on the scattering
angle in the coordinates s4I(s) ~s

mr=0.395, m3;=0.2 for the MGA-95 membrane,
O is the invariant, Cy is the Porod constant [19].

The Porod invariant was calculated as the area
under the SAXS curve in the coordinates sI(s) ~ fls)
(Fig. 13) and was equal to Q =192.75 nm for the
MGA-95 membrane, and O = 181.2 nm™ for the ESPA
membrane.

The Porod constant was determined by the
dependence s*I(s) ~ f(s*) as follows:

I(s) s* — Ins*=Cy, (16)

if s> 0.83 the Porod plateau is formed (Fig. 14).

Then, by extrapolating to s = 0, we obtained the
value of C; [19] for the MGA-95 membrane
Cy, = 292 nm{ and for the ESPA membrane
Cy=15nm™

The X-ray scattering study of the structural
characteristics of the semipermeable MGA-95
and ESPA membranes resulted in the following
conclusions.
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Conclusion

1. The data obtained confirm that during swelling
the supramolecular structure of the membrane material
undergoes changes owing to the deformation of both
crystalline and amorphous components of the sample
phases. Water molecules have a strong tendency to
donor-acceptor interactions with potential-forming
ions of free surfaces of capillary (porous) medium;
they have a disjoining anisotropic effect on the
intermolecular heterostructure of the membrane,
compressing the amorphous regions of the crystalline
lattice.

2. The data on the amorphous regions for dry,
swollen and working samples of an MGA-95
semipermeable membrane were obtained and analyzed.
The comparison of the diffraction patterns of the new
and working membrane samples showed that the
application of an external impact factor (pressure
gradient) is likely to influence the transport of
material, but it does not cause any intramolecular
structural changes in the membrane.

3. The data on the radius of gyration and pore
radius obtained by the small-angle scattering method
allow for a more accurate physical description of
transport mechanism of ions and molecules in capillary
(pores), and calculation of kinetic coefficients of
membrane separation of solutions.

4. The data on the membrane morphology obtained
by the SAXS method showed that the sorption space of
MGA-95 and ESPA membranes was actually formed
by three kinds of pores with different surface
morphology. Pores of a smaller radius had a smoother,
while those of a bigger radius were formed by tortuous
channels and had a rough surface. The percentage of
large radii pores of 12.9 and 16.8 nm was 20 and 35.6 %
for MGA-95 and ESPA membranes, respectively.
The calculated values of specific surface for MGA-95
and ESPA membranes were Ssp=9.15-107 m ' and
Sep=15.95-10 m ', respectively.
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