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B oannoit pabome npugedenvl npoaHanuuposaHHvle Pe3yaibmamsl UCC/1€006AHUA CIPYK-
MYPHBIX U KUHEMUYECKUX XAPAKMEPUCIMUK UOH00OMennbIXx memOpan MA-40, MK-40, PC Acid 60 u
CM(H) (RALEX®) npu pazoenenuu u KOHUCHMPUPOCAHUU KOMHOHEHMOE8 MeO0bCOOePIHCAUUX PacC-
meopoe 6 npouyecce Inekmpoouanusa. B uacmnocmu, onpedenenvt pazmepsl amopduvix u Kpucman-
Auyeckux obnacmeil CMpyKmypvl Mamepuaia MemopaH, peHmzeH06CKAA CHeneHb KPUCIAIIUYHO-
cmu, paccuumansl Ko3uyuenmul 3a0epiicanus memopanamu kamuonos Cu®', u anuonoe NOs u
SO.%. /Ina membpan MA-40 u MK-40 o6napysceno, umo 6 npoyecce Hacviuenus 6000ii cmpykmypa
Mamepuana Memopan UsMeHAEmca, YUMo 6 C6010 0Uepedb MOXHCen 6/IUAMb HA KUHEMUKY MAcconepe-
HOca yepe3 MemMOpany, HO nPU IMOM HADIIO0AEMCA MATA YYECMBUMETbHOCMb K MEXAHUUECKOU U
mepmuuecKoil HaZPY3Kam NPU YHKAUYECKUX YCA0GUAX IKCRIAyamayuu. Imo noomeepicoaencs cog-
naodenuem y2ioe ougpaxyuu, npu KOMOPsvIX HAOIIOOAIOMCA NUKU CYXUX U 6000HACHIU4EHHBIX 00pa3-
1408 MeMOpaH, U HE3HAYUMETbHBIM U3MEHEHUEM PEHMZEHO6CKOI CIMenenu KPUCMAIIUYHOCIU Md-
mepuana memopan é npeoenax 5-7% 6 meHvULYI0 COPOHY 014 8000HACBLIUIEHHBIX 00pa3yos. /lan-
Hble, Komopble ObLlU ROYYEHbL 8 X00€ 8bINOIHEHUS PADONbL, C6UOEM EbCMEYIOM 00 OMHOCUMENbHO
Xopouieil ouucmKe 31eKmMmpoOUaIU3IOM MeObCOOEPHCAULUX PACHEOPOE O HOCMOPOHHUX UOHO06 (NO3
u SO4) npu evicokux noxazamensx Konyenmpuposanus kamuonos Cu®'. B nepeoii cexyuu nex-
mpoouanusnozo annapama yoepcusaiomes uyms menvuie 90% xamuonoe Cu’*, npu smom anuonos
NOs u SO4> 6 neit ocmaemcs snauumenvno menvuie — okono 16,7% u 25,7% coomeemcmeenno. Ilpu
IMOM CHOUM OMMEMUMb, UM O C YebI0 MAKCUMAIbHO20 NOGbIUEHUA IPIPeKmUBHOCM U KOHUEHmMPU-
Posanua mpedyemca OanvHenuiue Uccie006aHus ONMUMAILHBIX NAPAMEMPOE IIEKMPOOUAIU3A.

KnioueBble cj10Ba: 371€KTpOHaIn3, HOHOOOMEHHbIE MeMOpPaHbI, MEIbCOAEPIKAIIIE PACTBOPDI, CTPYK-
TYpHBIE XapaKTePUCTUKU, KHHETHYECKHE XaPAKTEPUCTHKH
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This paper presents the analyzed results of the study of structural and kinetic characteris-
tics of ion-exchange membranes MA-40, MK-40, PC Acid 60 and CM(H) (RALEX®) during sep-
aration and concentration of copper-containing solutions in the electrodialysis process. In partic-
ular, the sizes of amorphous and crystalline regions of the membrane material structure and the
degree of crystallinity were determined, the retention factor of cation Cu®* and anions NOs™ and
SO4* were calculated. It was found that for mA-40 and MK-40 membranes the structure of the
membrane material changes during water saturation, what in turn can affect the kinetics of mass
transfer through the membrane. In addition a low sensitivity of membrane material to mechanical
and thermal loads under cyclic operating conditions is detected. This is confirmed by the coinci-
dence of diffraction angles at which peaks of dry and water-saturated samples of membranes are
observed, and by a non-significant change in the x-ray degree of crystallinity of the membrane
material within 5-7% in the smaller side for water-saturated samples. The data, which were ob-
tained during this work, indicate a relatively good cleaning of copper-containing solutions by elec-
trodialysis from extraneous ions (NO3 and SO,%) at high values of Cu®* cations concentration. In
the initial section, slightly less than 90% of Cu?* cations are retained, while NOs™ and SO,* anions
remain significantly less — about 16.7% and 25.7%, respectively. It should be noted that the most
optimal parameters of electrodialysis are required for maximizing the efficiency of concentration.

Key words: electrodialysis, ion exchange membranes, copper-containing solutions, structural character-

istics, kinetic characteristics
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INTRODUCTION

During a long period electrodialysis was mainly
used for desalination and demineralization of water.
However, in recent decades there is an interest in the
use of electrodialysis in other sectors of industry re-
lated to the separation and purification of liquid and
gas mixtures: hydrometallurgy, electroplating, food
processing, medicine, etc. [1-5].

One of the main directions of electrodialysis
processes development as well as devices design im-
provement and process parameters optimization is in-
creasing in plant capacity. The analysis of the kinetic
and structural membrane characteristics allows to
study the possibility of process parameters optimizing
because the structure and composition of membranes
define the basis of processes mechanisms taking place
in the system "membrane — environment" [6-9]. In ad-
dition, the ratio of crystal and amorphous phases,
which is found in this study, is important for the me-
chanical properties of polymer membranes, which may
be associated with such operating characteristics as
permeability decreasing rate during experimental
studies [10].

The aim of this work is to study the structural
and kinetic characteristics of ion-exchange membranes
MA-40, MK-40, PC Acid 60 and CM(H) (RALEX) in
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the separation and concentration of copper-containing
solutions during electrodialysis, the study of which
will help to determine and use the optimal parameters
of the most effective electrodialysis process in the sep-
aration of copper-containing solutions.

EXPERIMENTAL PART

Domestic ion-exchange membranes MK-40,
MA-40 produced by "Schekinoazot" Ltd., as well as
PCAcid 60 and CM(H) (RALEX), which are produced
by the German company PCCell GmbH and the Czech
company MEGA respectively, were chosen for the re-
search. The choice is justified by the fact that these
membranes are widely used in industry and therefore
research will be relevant.

Heterogeneous ion-exchange membranes MK-
40 and MA-40 are a mechanical composition consist-
ing of particles of milled granulated ionite in size from
5 to 50 um, which are pressed into the low-pressure
polyethylene matrix and reinforced with capron fabric
[11, 12]. Membranes PC Acid 60 and CM(H) (RALEX),
in turn, are made of polyethylene and dispersed parti-
cles of the ionite, the size of which no more than 10-12 pm,
by the method of hot rolling [13]. In more detail, the
characteristics of the membranes are presented in
table 1 [14-16].
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One of the stages of the research work was the
study of kinetic characteristics of ion-exchange mem-
branes PC Acid 60 and CM(H) (RALEX) in the pro-
cess of electrodialysis separation of copper-containing
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solution. The studies were carried out on an electrodi-
alysis plant comprising a membrane cell and four inde-
pendent lines — one for dilute and electrode washing
and two are for the concentrate of the substances from
which the initial solution is purified.

Table 1
Characteristics of membranes
Tabnuya 1. XapakTepucTuKd MeMOpaH
Membrane type MA-40 MK-40 PC Acid 60 (Rg\lilg;()@
Thickness, mm 0.3-0.5 0.3-0.5 0.16-0.2 <0.45
Tensile strength, Mpa, not less than 11.9 11.9 0.39-0.49 -
Surface electrical 2re5|st|V|ty. Ohms 10.0 11.0 2 8
per cm”, max
lonic group -Ns- SOzH - R-SO;
lonic form - counter ion CI Na* CI Na*
Inert binder polyethylene polyethylene polyethylene polyethylene
Reinforcing material polyamide polyamide polyester polyester

As a model solution was selected an aqueous
solution of CuSQ, (0,01 M/I) with addition of 0,012 M/I
of disodium salt of ethylenediaminetetraacetic acid
Ci0H14N2Na;0s-2H0 (EDTA-Nay) to prevent precipi-
tation of metals and for creating complex cations,
which had to retain the cations of the metals in the pri-
mary section for diluate. Besides, NaNO; (0,05 M/I)
was added to the solution for a more stable electrodial-
ysis process as well as a few drops of HNOs; for the pH
level decreasing. This solution was initially placed into
the section for diluate; deionized water was added to
the concentrate section and NaSO4 (0,5 M/1) was added
to the electrode washing section. The initial volume of
liquid in each section was 5 liters.

The separation process was carried out at a
voltage of 30 V. During the experiment samples of 50 ml
were collected from all sections every 15 min to meas-
ure the substance concentration.

After the concentration measuring retention
factors R were calculated for each membrane for the
relevant ions by the equation [20]:

R=(1-:L)-100%, (1)
where C; — the concentration of the solute in the final
solution, kg/m?; Ci, — the concentration of the solute in
the initial solution, kg/m?.

Another stage of the work was the structural
characteristics study of the samples of ion-exchange
membranes MA-40 and MK-40. These membranes
were chosen to study structural characteristics due to
their greater availability and due to the similarity with
the membranes PCAcid 60 and CM(H) (RALEX), as
they have the same inert binder.

Prior to the experimental studies, two samples
were prepared for each type of membrane — one dry
and one water-saturated. These samples were analyzed

using diffractometer Dron-3. Radiographs were rec-
orded in the region of high angles of 20 (2° to 40°), and
the radiation was CuKo (A = 1,54 A).

Then the size of amorphous and crystalline re-
gions was determined by the Scherrer equation [17, 18]:

-1
L= 2 (Bcos?) , 2
where 1 — the wavelength of x-ray radiation, 26 — the
angle of diffraction, £ — the width of the reflex at half-
height of the peak.
The calculation of the x-ray degree of crystal-
linity (DC) was carried out by the method of S.L. Ag-
garwal and G.P. Tilley [19]:

I .
CK = —£-100%, ©)

where I —the integral intensity of the crystalline phase;
la — the integral intensity of the amorphous phase.

RESULTS AND DISCUSSIONS

Analysis of ion concentrations in samples and
calculation of retention factors (table 2 and Fig. 1) re-
vealed that the creation of complex Cu — EDTA-Na;
cations allows to hold a little less than 90% Cu?* cati-
ons in the diluate section, while the amount of anions
NOs and SO4* are significantly less —about 16.7% and
25.7%, respectively.

This indicates a relatively good purification
from extraneous ions and the possibility of electrodial-
ysis application for the simultaneous concentration of
valuable Cu?* cations and their purification from extra-
neous ions, in particular NOs™ and SO,2

The following x-ray diffractograms for mem-
brane dry and water saturated samples were obtained
as a result of experiments, which were carried out to
study the structural characteristics of chosen mem-
branes (Fig. 2).
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Table 2
Contents of the studied components in the section for
diluate before and after the experiment
Tabnuya 2. Coaep:xkaHue uccjiaeryeMbIX KOMIIOHEHTOB
A0 U 1MOCJI€ MPOBEACHUSA IKCIICEPUMEHTA B CCKIMMU 11

JAnJIrara
Time,s |  Concentration, mg/l | %
Cu?
0 460 100
2700 440 89.91
NOs
0 3715.24 100
2700 658.2 16.65
5042'
0 1182.2 100
2700 322.64 25.65
R. %
100 —e
70
40 ¢
3
2
10 ' ' - ' '
0 600 1200 1800

2400 3000
.S

Fig. 1. The dependence of the retention factors of ion-exchange
membranes on time: 1 — cations Cu?* by anion exchange mem-
brane PC Acid 60, 2 — anions NOs™ by cation exchange membrane
CM(H) (RALEX®), 3 — anions SO4% by cation exchange mem-
brane CM(H) (RALEX®)

Puc. 1. 3aBucumoctu Ko3ddurenTa 3aaepx aHus HOHOOOMEH-
HBIX MeMOpaH oT BpeMeHH: | — kaTHoHOB Cu?" aHHOHOOOMEHHOI
membpanoit PCAcid 60, 2 — annonoB NO3™ KaTHOHOOMEHHOH
mem6panoit CM(H) (RALEX®), 3 — annonos SO4%
kaTnoHooMeHHO# MemOpaHoit CM(H) (RALEX®)

The diffractograms for the dry and water-satu-
rated samples of the MA-40 membrane depict that they
have two pronounced maximum at diffraction angles
of 21° and 23.5° and one unobtrusive maximum at an
angle of 20°. In the dry sample the maximum at an an-
gle of 21° is more intensive, while the peaks of both
samples at an angle of 23.5° are the same. The hardly
noticeable maximum (20°) is more intensive in the wa-
ter-saturated sample.

All peaks obtained for the membrane MK-40
samples are the same as for the membrane MA-40, ex-
cepting the amorphous peak located at an angle of dif-
fraction 19° instead of 20°. It is worth noting that all
the peaks on the diffractogram for the dry sample are
more intensive than for the water-saturated one.
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The detected coincidence of diffraction angles
indicates a low sensitivity of macromolecules to me-
chanical and thermal workloads under cyclic operating
conditions.

Parameters of supramolecular structure of
MA-40 and MK-40 membranes are calculated and pre-
sented in the table 2.

The data, which are obtained as a result of the
DC calculation according to the equation (2), have
shown that for the dry sample of the MA-40 membrane
DC is 70.66% and for the water-saturated one it is
63.58%. For the MK-40 membrane these parameters
are 68.26% and 63.81% respectively. The obtained DC
results do not contradict the literature data as DC of
polyethylene, which is an inert binder in membranes,
varies within 40-80% [21, 22].
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0 10 20 30 40 50 60 70
20°
b
Fig. 2. X-ray diffractograms of samples of ion-exchange mem-
branes MA-40 (a) and MK-40 (6) in geometry for reflection in
dry (1) and water-saturated (2) membrane states
Puc. 2. PertreHoBckas qudpakrorpamMma o0pa3roB HOHOOOMEH-
HbIX MeMOpaH MA-40 (a) u MK-40 (6) B reoMeTpun Ha oTpaxe-
HUe TIpH cyXoM (1) 1 BOIOHACHILICHHOM (2) COCTOSHHUAX MEM-
OpaHbI
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Fig. 3. Results of full-profile analysis of experimental diffractogram
for dry (a) and water-saturated (6) samples of MA-40 membrane
Puc. 3. Pe3ynbTaThl NpoHIBHOTO aHAIN3a KCIIEPUMEHTATBHOM
I paKTOrpaMMBI JUTsl CYXOro (@) U BOJOHACKIIIeHHOTO (6) 00-
pasuoB Mmembpanst MA-40

Table 3
Structural parameters of MA-40 u MK-40 membranes
Taobnuya 3. CTPyKTypHbIE XapaKTepPUCTHKU MeMOpaH
MK-40 u MA-40

K.B. Illecrakos, C.U. Jlazapes, K.K. ITonsHcknii

Crystalline phase
Dry 0.32 19.8
Water-satu- 215 0.47 13.48
rated
Dry 0.81 3.93
Water-satu- 23 0.7 4,55
rated
Amorphous phase
Dry 0.14 11.03
Water-satu- 19 0.17 9.08
rated

Membrane |The position of the| The half-width
: L, nm
sample maximum 20, ° | of peak B, rad
MA-40
Crystalline phase
Dry 0.44 14.4
Water-satu- 21.5 0.46 13.77
rated
Dry 0.61 5.22
Water-satu- 23 071 449
rated
Amorphous phase
Dry 0.14 13.11
Water-satu- 20 0.43 4.97
rated

MK-40

It is necessary to note that the DC values of dry
and water-saturated membrane samples of each type
are smaller for water-saturated ones in the range of 5-
7%. This fact confirms the previously mentioned as-
sumption about low sensitivity of membrane material
macromolecules to mechanical and thermal loads un-
der cyclic operating conditions.

Lau.
1200

900

600 +

300 +

20 40 60
20°

I,a.u.
800 -
600 +

400 +

200

0 T T T T T T T T T T T 1
0 10 20 30 40 50 60
20°
b

Fig. 4. Results of full-profile analysis of experimental diffractogram
for dry (a) and water-saturated (6) samples of MK-40 membrane
Puc. 4. Pe3yspTarsl IpoQHILHOTO aHaNIN3a IKCIIEPUMEHTAIBHON
IU(QPaKTOrpaMMBI JJIsI CYXOTO (2) U BOJOHACHIIIEHHOTO (0) 00-
pasuoB meMbpans MK-40
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The full-profile analysis of the dry and water-
saturated samples was performed to quantify the ob-
served changes in the MA-40 and MK-40 polymer
membranes, which are caused not only because of the
multilayered composition, but also because of the va-
riety of possible conformations of polyethylene macro-
molecules. To do this the background of incoherent
scattering from the primary x-ray diffractograms was
previously deducted by traditional method: by drawing
a tangent to the points of the x-ray scattering intensity
curve at the angles 20 from 10° to 40°. The profiles of
wide-angular scattering and the possible confor-
mations of the polyethylene macromolecules are pre-
sented in Fig. 3 and 4. Features of x-ray spectra in the
specified range of diffraction angles were simulated by
five or six gaussians (see Fig. 3 and 4).

CONCLUSIONS

The obtained data demonstrate a relatively
good purification of copper-containing solutions from
extraneous ions by electrodialysis.
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The structure of ion-exchange membranes
MK-40 and MA-40 material varies slightly within 5-
7% in the process of water saturation. This fact and the
detected coincidence of diffraction angles of mem-
brane dry and water-saturated sample peaks indicate a
low sensitivity of the membrane material macromole-
cules to mechanical and thermal workloads under cy-
clic operating conditions.

The results of the study can be part of further
and deeper studies of the optimal parameters of elec-
trodialysis, which will maximize the efficiency of con-
centration.
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