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Abstract. The process of Co>* ion extraction from sulphuric
acid solutions by bulk liquid membranes, containing di(2-
ethylhexyl)phosphoric acid and tri-n-octylamine, accompanied
with cobalt electrodeposition from diluted solutions of some
acids is studied at galvanostatic electrodialysis. The effects of the
current density as well as of composition of the liquid membrane
and aqueous solutions on the rate of cobalt(II) transport and
electrodeposition are determined. It is demonstrated that a
practically complete removal of Co(Il) from the feed solution
containing 0.01 M CoSO, is achieved during 0.5 — 3.0 h of
electrodialysis. Maximum stripping degree of 77% and
electrodeposition degree of 45% are obtained under optimal
conditions. Sound adherent cobalt coatings have been deposited
on platinum and copper cathodes.
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1. INTRODUCTION

Membrane extraction is a promising technique for removal
of metal ions from diluted solutions [1]. A liquid membrane is
a layer of an organic solvent separating two aqueous solutions.
Compounds, promoting the transport of substances from one
aqueous solution to another, may be dissolved in the organic
phase. Di(2-ethylhexyl)phosphoric acid (D2EHPA) is an
important acidic extractant in hydrometallurgy. D2EHPA has
been used commercially for the extraction of cobalt, zinc and
rare earth metals [2]. Solutions of di(2-ethylhexyl)phosphoric
acid in organic solvents are widely used as liquid
membranes for the extraction of metals [1]. Cobalt is widely
used in different branches of industry. The transport of
cobalt(Il) from weakly acidic solutions using D2EHPA-based
supported, emulsion and bulk liquid membranes is reported in
the literature [3—8]. To concentrate and to accelerate the
transfer of ions through liquid ion-exchange membranes, an
electric current may be used [9]. The electric field gradient is a
driving force of the membrane extraction process during
electrodialysis. It has been previously demonstrated by the
author that the D2EHPA-based liquid membranes ensure an
effective copper(Il) and manganese(II) extraction from diluted
sulphuric acid solutions [10,11], separation of copper(Il) from
palladium(Il) and platinum(IV) extracted from hydrochloric
mixtures [12], as well as silver(I) transport from nitric acid
solutions accompanied by electrodeposition of metal during
electrodialysis [13]. The aim of the present work is to study
the membrane extraction of cobalt(Il) from sulphuric acid
solutions by D2EHPA-based bulk liquid membranes with
electrodeposition of metal in the cathodic solution.

II. EXPERIMENTAL WORK

A. Instrumentation

The experiments were carried out in a four-compartment
Teflon electrodialysis cell in the system:

(+)Pt H,SO, | CoSO, | D2EHPA | Cathodic  Pt(-—)
H,SO, | TOA solution
MA

The liquid membrane (average thickness 0.28 cm, volume 2
cm’, surface area 7.1 cm?®) was separated from the aqueous
solutions by two vertical cellophane films. The anodic solution
(volume 17 cm®) was separated by the solid anion exchange
membrane MA-40 from the feed solution (volume 13 cm’).
The cellophane films and the solid membranes were soaked in
water for more than 24 h before use. The direct electric current
was supplied to the plane platinum electrodes (surface area 7.1
cm?®). Some experiments were carried out with a copper
cathode. Potentiostat I[1-5827M was used as a current source.
Voltage was measured by digital voltmeter. The concentration
of cobalt(Il) in the aqueous solutions was determined by
spectrophotometry using KSCN [14]. UV-Vis
spectrophotometer CD-46 was used for the analysis of metal
ions. The properties of cobalt deposits were studied with a
scanning electron microscope SEC Mini-SEM (Korea). The
measurements were carried out at room temperature. The
solutions were not agitated.

B.  Reagents and materials

The solutions of D2EHPA (technical grade, contents of the
main substance ~ 63%) with the admixtures of tri-n-
octylamine (TOA, pure grade) in 1.2-dichloroethane were
used as the liquid membranes. They contained usually 20 or
32 vol.% D2EHPA and 0.1 M TOA. The feed solution was
prepared by dissolving CoSO,7H,O in the sulphuric acid
solution. It contained as a rule 0.01 M CoSO, in 0.01 M
H,SO,4. Reagents of pro-analysis grade were used without
further purification.

III. RESULTS AND DISCUSSION

In D2EHPA organic solutions in the presence of TOA an
ion pair is formed, which consists of an organic cation and an
organic anion [15]:

HA + R;N < R;NH'A™, ()
where HA is the di(2-ethylhexyl)phosphoric acid; R;N is the
tri-n-octylamine.

Cobalt(Il) is extracted by D2EHPA due to the interfacial
cation-exchange mechanism:

47



Material Science and Applied Chemistry

2012725

Co™ (ag)+ SO4” (g + 2RsNHA org) > COA(org +
(RSNH)ZSO4(0rg) (2)

where subscripts aq and org represent aqueous and organic
species.
The extraction complex can dissociate in polar solvent [16]:

COAZ(org) g C02+(org) + 2IA_(org) (3)

Co®" cations are transferred by diffusion to the interface
feed solution / liquid membrane and interact with the carrier
forming a complex. The transported compound is transferred
across the liquid membrane layer and decomposes at the
interface liquid membrane / cathodic solution due to the action
of an electric field. The transfer of cobalt(Il) through the liquid
membrane is accompanied by cotransport of the hydrogen
cations when the electric field is applied. Therefore, high
acidity of the strip solution and correction of pH value of the
feed solution are not necessary at electrodialysis in contrast to
traditional membrane extraction. Anions from the cathodic
solution are transported across the organic layer in the
opposite direction interacting with amine salt:

R3NHA+(0rg) + ClO47 (aq) Aand R3NHC104(0rg) (4)

Without electric field application the transport of cobalt(Il)
through the liquid membranes practically is not observed. The
imposition of an electric field allows extracting Co”" cations
through the liquid membranes and obtaining cathodic cobalt
coatings from solutions of sulphuric and perchloric acids.

Table 1 illustrates the influence of current density on the
rates of cobalt(II) transport and electrodeposition. The increase
of the current density up to 4.2 mA/cm’ results in a
proportional rise of cobalt flux through the liquid membrane.
A practically complete (> 98 %) removal of Co(Il) from the
feed solution containing 0.01 M CoSO, can be achieved at a
current density i > 2.1 mA/cm’. The duration of electrodialysis
is 40 — 175 min depending on the current density. At a low
current density, about 77% of cobalt was removed into
cathodic solution after 3.0 hours of experiment and about 45%
of cobalt(Il) was electrodeposited on the cathode.

TABLE 1

EFFECT OF CURRENT DENSITY UPON THE CO(II) EXTRACTION DEGREE E,
STRIPPING DEGREE S, ELECTRODEPOSITION DEGREE D AND FLUX J
(Cpaenea = 20 vol.%; cathodic solution — 2.5-10% M HCIO,)

i (mA/cm?®) | t(min) £ | %S | D (n‘f(.)i/?:lzs)
2.1 175 99.7 | 32 | 45| 13
2.8 98 99.7 | 41 | 27 | 2.1
42 55 99.0 | 36 | 6 2.4
5.7 40 984 | 30 | 2 2.4

The current efficiency for Co>" ions is less than 10%. The
current is transferred through the liquid membrane mainly by
hydrogen ions from the feed solution and ClO; or SO
anions from the cathodic solution. The increase in the current
efficiency can be achieved using more concentrated cobalt(II)
solutions.
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Fig. 1. Change in voltage during electrodialysis at various current densities
(cathodic solution — 2.5+ 102 M HCI1Oy; Cpognra = 20 vol.%;
i(mA/cm?): 0-5.7; A—42; 0-2.8;e—-2.1)

The duration of electrodialysis is limited as a rule by an

abrupt increase of voltage in the membrane system within 40 —
180 min, depending on the current density (Fig. 1). It was
found out that the decrease of the electrical conductivity
corresponded to 98 — 99% extraction of cobalt(Il) from the
feed solution. Thus, the shape of the voltage and time
dependence can be wused for evaluating the removal
completeness. The voltage increase is connected with
desalination of the feed solution as a result of Co®" and
hydrogen ion extraction into the liquid membrane and SO,*
ion transfer through the solid anion-exchange membrane into
the anodic solution.
The kinetics of cobalt(Il) transport and electrodeposition is
presented in Fig. 2. Practically complete extraction of metal
from the feed solution containing 0.01 M CoSO,in 0.01 M
H,SO, is achieved within 100 min of electrodialysis at the
current density of 2.8 mA/cm?®, more than 65% of cobalt(II) is
transported into the cathodic solution and more than 25% of
metal is electrodeposited on the cathode. Metal concentration
in the cathodic solution continuously increases during
electrodialysis, whereas the cobalt(Il) concentration in the
liquid membrane has its maximum value at 80 min. The
electrodeposition of metal on the platinum cathode is observed
after 80 min of electrodialysis.
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Fig. 2. Kinetics of cobalt(Il) removal from the feed solution (©), accumulation
in the liquid membrane (0) and cathodic solition (®), electrodeposition

degree (A) (i=2.8 mA/sz; Cpoenra = 20 vol.%; cathodic solution —
2,5-10% M HCIO,)

100



Material Science and Applied Chemistry

2012/25

-

[~

=
)

Removal degree (%)
Flux*10%{mol/m?-s}
o 8B 8 8 8

0 002 004 006 008 0,1
Co concentration {molfl)
Fig. 3. Dependence of cobalt(Il) flux (A), removal degree into the liquid
membrane (©) and into the cathodic solution (®) on CoSO; initial
concentration (i = 2.8 mA/cm?; t = 60 min; Cpepa = 32 vol.%)

The increase in cobalt(IT) content in the feed solution from
1:107 to 5-10% M leads to rise in transport rate of the cobalt
cations, whereas the extraction and stripping degrees reduce
(Fig.3). The increase in the current efficiency is achieved
using more concentrated cobalt(Il) solutions. A maximum
current efficiency of 24% is obtained for a system with 5-107
M CoSO, solution.

The acidity of the feed solution has been found to influence
the cobalt extraction efficiency. The increase in sulphuric acid
concentration in the feed solution from 1-107 to 0.1 M results
in the decrease of the cobalt(Il) flux into the cathodic solution,
extraction degree and stripping degree (Fig. 4). It is caused by
the decrease of D2EHPA extraction ability at the aqueous
phase acidity rise [2]. The increase in sulphuric acid
concentration leads to rise in the hydrogen ion flux through the
organic layer, resulting in the current efficiency decrease for
Co?" cations. The optimal acidity of the feed solution is 1-107
- 1-10% M H,SO,. A practically complete extraction of Co(II)
from the feed solution and stripping degree of 70 — 75% are
achieved in this system.
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Fig. 4. Dependence of cobalt(Il) flux (A), removal degree into the liquid
membrane (©) and into the cathodic solution (e) on H,SO4
concentration in the feed solution (i = 2.8 mA/cm?; t = 60 min; Cperpa
=32 vol.%)

The effects of D2EHPA and TOA concentrations in the
liquid membranes on the rates of cobalt(Il) extraction and
stripping are illustrated in Table 2. The increase in the
carrier’s concentration from 5 to 50 vol%, with the TOA
concentration being constant, does not exert significant

influence on the Co”" extraction degree into the organic phase
and transfer rate into the cathodic solution. The increase in
TOA concentration in the liquid membrane from 0.05 to 0.4
M, with the D2EHPA concentration being constant, leads to
some reduction of cobalt(I) transfer rate into the strip
solution. It is presumed to occur due to the perchlorate anion
transfer intensification from the strip solution through the
liquid membrane resulting in the current efficiency decrease
for Co”" ions.

TABLE 2

EFFECT OF LIQUID MEMBRANE COMPOSITION UPON THE COBALT(II)
TRANSPORT AND ELECTRODEPOSITION
(i=2.8 mA/cm?; t = 60 min; cathodic solution — 2.5:10% M HCIO,)

fvom Con ) | EC0) [ sea | D90
5 0.1 68 17 0.9
20 0.1 54 14 0.7
32 0.1 59 17 0.9
50 0.1 69 15 0.8
32 0.05 65 17 0.9
32 0.2 59 13 0.7
32 0.4 61 14 0.7

The influence of strip solution composition on the Co*"
permeation and electrodeposition rates is illustrated in Table 3.
The transfer of cobalt(Il) proceeds with an approximately
equal rate into 0.01 M solutions of perchloric, hydrochloric,
sulphuric and nitric acids. The maximum electrodeposition
rate was obtained in the system containing HCIO,. When the
concentration of acid is lower (1-10° M), the organic cations
begin to participate in the electricity transfer through the liquid
membrane/ cathodic solution interface, and the organic phase
appears in the aqueous solution. The increase in HClO,
concentration from 1-107 to 2.5-10 M leads to the decrease in
the cobalt (II) extraction degree, whereas electrodeposition is
not observed during 1 h of electrodialysis. This effect of pH
value of the cathodic solution differs from traditional
membrane extraction by D2EHPA, where high acidity of the
strip solution is necessary. The increase in HCIO,
concentration leads to the rise in the perchlorate ion flux from
the cathodic solution through the organic layer, resulting in the
current efficiency decrease for Co?'.

TABLE 3

EFFECT OF CATHODIC SOLUTION COMPOSITION UPON THE COBALT(H)
TRANSPORT AND ELECTRODEPOSITION
(Coaprra = 20 vol.%; i = 2.8 mA/cm’; t = 45 min)

Cathodic Cobalt content (%) '
solution Feed Cathodic Cathod (ﬂgi;nlq?s)
(C=110"M) solution solution athode
HCIO, 48 3 7 0.7
HCI 43 12 3 1.0
H,SO, 41 15 — 1.0
HNO; 42 10 — 0.7
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Fig. 5. Scanning electron microscopy image of cobalt coating deposited on
copper cathode (i = 6.0 mA/cm?; cathodic solution — 2.5-10% M HCIO,)

The surface morphology of cobalt electrodeposits was
studied by scanning electron microscopy. Cobalt coatings
were deposited on the platinum and copper cathodes at various
current densities. The deposits were of dark color, dense and
adherent in all cases. It can be seen from Fig.5 that cobalt
coating obtained from 0.025 M- perchloric acid solution at
moderate current density has a fine-grained poreless structure.

IV. CONCLUSIONS

The liquid membranes containing di(2-
ethylhexyl)phosphoric acid and tri-n-octylamine in 1.2-
dichloroethane ensure the transport of Co”" from sulphuric
acid solutions into diluted solutions of HC1O,, H,SO,,HCland
HNO; accompanied by cathodic electrodeposition of cobalt.
Dense, dark, adherent deposits of cobalt with fine-grained
structure are obtained in all studied systems. Increasing the
current density and Co”" initial concentration in the feed
solution results in the increase of cobalt(Il) transport and
electrodeposition rates. The increase in H,SO,4 concentration
in the feed solution and in HC1O, concentration in the cathodic
solution, as well as in TOA content in the liquid membrane
negatively effects the cobalt(Il) transport and electrodeposition
rates. Change in D2EHPA concentration in the organic phase
poorly affects the cobalt(Il) extraction and electrodeposition
degrees.
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Tatjana Sadirbajeva. Sistéma ar §kidram membranam kobalta(I) ekstrakcijaj un elektroizgulsnésanai.

Izpéetits kobalta(Il) ekstrakcijas process no atskaiditiem sérskabiem Skidumiem ar Skidram membranam uz di(2-etilheksil)fosforskabes pamata
ar tri-n-oktilamina piedevam galvanostatiskas elektrodializes apstaklos ar metala elektroizgulsnéSanu uztvérgjskiduma. Noteikts, ka skidras
membranas isteno kobalta(II) jonu parnesi atSkaiditos sérskabes, perhlorskabes, salsskabes un slapeklskabes skidumos. Paradits, ka praktiski
pilniga metala izdaliSana no izejas $kiduma, kas satur 0.01 M CoSO, 0.01 M H,SO, skiduma, tick sasniegta péc 0,5 — 3,0 stundam
elektrodializé. Optimalajos apstaklos kobalta(Il) reekstrakcija uztvérgjskiduma sasniedz 77 %, un ~ 45 % metala izgulsngjas uz katoda.
Konstatéts, ka izturigas, sikkristaliskas kobalta nogulsnes, kas labi turas uz katoda, izdalas visas izpétitajas sistémas. Paradits, ka
hronopotenciogrammu forma var kalpot par kritériju kobalta(Il) jonu izdaliSanas pilnigumam no izejas Skiduma. Krasa sprieguma
paaugstinasanas ir saistita ar izejskiduma atsaJoSanu un atbilst >98% metala izdaliSanai. Noteikts, ka palielinot stravas blivumu intervala 0 —
5.7 mA/cm? un paaugstinot kobalta saturu izejas $kiduma (1-10 — 5-10 M), notiek jonu pliismas un katoda nogulnu masas palielina$anas.
Paradits, ka sérskabes koncentracijas palielina$ana izejas $kiduma (1-10 — 0,1 M) un perhlorskabes koncentracijas palielina$ana katoda
skiduma (1-102 — 2.5-10% M) negativi ietekmé kobalta jonu parneses un elektroizgulsnésanas atrumu. Konstatéts, ka D2EHFS daudzuma
izmaina (5 — 50 tilp.%) un TOA koncentracijas izmaina (0,05 — 0,4 M) organiskaja fazé faze maz ietekmé& kobalta jonu transmembranas
parneses un elektroizgulsnéSanas atrumu.
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Tarsana CaapipéaeBa. CucreMa ¢ :KHAKMMH MeMOpaHaMH /1 M3BJICYEHHs U dJIeKTpoocaxkaeHns kodanbTa(ll).

HccnenoBan mporiecc MeMOpaHHOM 3kcTpakiuu noHoB kobOanbra(ll) u3 cepHOkHCIbIX pactBopoB, coaepxkamux 0.01 M CoSO4 B 0.01 M
H,SO,, pactBopamm TexHHueckoi an(2-atmirexcuin)pocdopuoit kucnorel ([J2OI'OK) ¢ nobaBkamu tpu-H-okTHiamuHa (TOA) B 1,2-
JUXJIOp3TaHEe B YCIOBUSX TajbBaHOCTATUYECKOTO 3JIEKTPOIMANN3a C 3JIEKTPOOCAXKICHHEM MeTalla U3 MPUHUMAIOIIEr0 pacTBOpA.
YV CTAaHOBIICHO, UTO HepeHoc HoHoB Co®' MpoTeKaeT MPHMEpPHO ¢ OAMHAKOBOI CKOPOCTHIO B 1:102 M pacTBOpEI XJIOPHOH, CEpHOI, COSIHOM 1
asoTHOM kucnoT. Iloka3aHo, dYTO mpolecc 3NEKTPOAManu3a OOBIYHO 3aKAaHUMBACTCS PE3KUM IOJBbEMOM HANPSDKEHUs B CHCTEME,
COOTBETCTBYIOIIMM TOTHOMY (> 98%) m3Bneuenuto kobampra(ll) B Xmakyro MeMOpaHy. YCTAaHOBIEHO, YTO CKOPOCTH TPAaHCMEMOPAHHOTO
IIEPEHOCA I MEKTPOOCAKICHHS KaTHoHOB Co’' MOBBIIAIOTCS MPH YBEIMUCHHH [UIOTHOCTH TOKA SIEKTPOAHATH3a B uHTepBae 0 — 5,7 MA/cM?,
KOHIEHTpamuy noHoB kobansTa(Il) (1-107 — 5-10% M) B HCXOTHOM pacTBOpE i MaIo 3aBucAT 0T coxepyanus JI2OT DK (5 - 50 06.%) u TOA
(0,05 — 0,4 M) B opranmueckoit ¢aze. ITokazaHo, 4TO MOBHIIIEHHE KOHIIEHTPAI[MN CEPHOU KHUCIIOTHI (1-10'3 — 0,1 M) B ncxomHOM pacTBope u
XJIOPHOH KHUCIIOTBI B KaTOJHOM pacTBOpE (1-10'2 - 25107 M) npUBOIUT K CHIDKEHHIO CTEIEHEH W3BICUECHUS U DJIEKTPOOCAKACHHS HOHOB
ko6anpra(ll). B ONTHMAasbHBIX YCIOBHSAX JOCTUTAeTCs MPAKTHUYCCKH MOJMHOE m3BieucHue koOanpra(ll) W3 McxogHOro pactsopa, mpu 3TOM
okoJ10 77% kobanera(ll) TpaHCcOpTUpPYETCS Yepe3 KUAKYI0 MeMOpaHy U ~ 45% MeTaiuia ocakaaeTes Ha katoje. [1oydeHbl KaToHbIC OCaIKH
KoOaJIbTa B BUJIE TEMHBIX MEJIKOKPHCTAIIIMYECKUX MOKPBITHH, TPOYHO CIEIUICHHBIX C dJIEKTPOJOM.
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