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MARIANA N. STEFANUT and ADRIAN GROZAV
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BOCSEI NO. 6, 1900 TIMISOARA, ROMANIA

ABSTRACT

The liquid membrane technique is very useful for metal ions recovery from
dilute solutions. Co?* ions can be removed and concentrated from wastewaters
with an emulsion liquid membrane. The paper describes the permeation of Co?2™
using naphthenic acids as the carrier and kerosene as the membrane material. The
inner phase is a HCI 3.162 x 104 solution. The extraction yield is more than
96%.

INTRODUCTION

Metal ion concentration from wastewater by classic solvent extraction
involves in one or more steps the double process of extraction—reextrac-
tion. Contaminants at levels of only hundreds of parts per million can be
concentrated by using an emulsion liquid membrane. This technique is
widely applied in the metallurgic industry (1, 2), the alkaline and alkaline
earth metal industry (3, 4), as well as in the treatment of radioactive waste-
water (5, 6).

Metal ion separation by emulsion liquid membranes may be achieved
by a carrier which reversibly reacts with the permeating species to form
an intermediate able to diffuse across the membrane. The metal ions are
released into the internal phase, and the free carrier returns to the external
interface and restarts the cycle.
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For instance, in liquid-phase oxidation processes for obtaining phenol,
cyclohexanol, acetic acid, terephthalic acid, phthalic anhydride, etc. in
the presence of Co?* and Mn?™ salts as catalysts, wastewater containing
Co?* and Mn?™ results.

Application of the liquid membrane process for the recovery and con-
centration of Co?™ leads to some promising results.

EXPERIMENTAL
Reagents Used

The material tested as a membrane was kerosene with C;;—Cs. Solu-
tions of various concentrations of nitric acid, hydrochloric acid, sulfuric
acid, EDTA (Reactivul, Bucharest) and PEG (polyethylene glycol with
an average molecular weight of 20,000, Fluka) have been used as internal
phases. The emulsifier was Span 80 (Fluka).

The experimentally tested carriers were analytically pure reagents such
as: phosphoric acid esters (D2EHPA and PC 88A, Merck), pyridine
(Fluka), stearic acid (Merck), silicone oil (Merck), acetyl acetone (Merck),
and naphthenic acids from crude oil (some characteristics are presented
in Table 1).

CoCl, solutions of 625 and 300 mg/L concentration were used as the
source phase for the study of Co?* transport across the membrane. The
source phase pH was adjusted with 0.1 N NaOH solution.

Analyses

Metallic ions permeation was followed by determination of the residual
Co?* concentration after liquid membrane treatment. Analyses been per-
formed with a Carl Zeiss Jena flame spectrophotometer AAS-1. The water
content of the broken membrane was determined by Karl Fischer titration.

TABLE 1
Characteristics of Naphthenic Acids (HX)
Characteristics Value
Composition Alkanoic acids

Alkyl cyclopentanoic acids
Alkyl cyclohexanoic acids

Density, kg/m® 826
Viscosity, N-s/m? 725.79 x 1073
Acid value, mg KOH/g 243.06

Saponification equivalent, mg KOH/g 247.13
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Primary Emuilsion

The primary emulsions were prepared in a discontinuous system using
some thermostatic cells and a pallet stirrer RW 47 (Carl Zeiss Jena) with
a continuously adjustable rotation speed, ranging from 100 to 1300 rpm.

The primary emulsion composition was kerosene, 25 cm?; carrier, 25
cm?; Span 80, 1-5 wt%; internal phase, 50 cm?; and internal phase/organic
phase ratio, 1/1 v/v. All experiments were done at 20 + 2°C and a stirrer
speed of 1200 rpm.

Multiple Emuision

When a primary emulsion was dispersed into the Co®* solution by stir-
ring at 200-300 rpm, a multiple w/o/w emulsion was obtained which had
droplets of 7-50 pm diameter (7, 8).

RESULTS AND DISCUSSION

The terms used for expressing the results have the following meanings:
pH; = inner phase initial pH value; pH. = source phase initial pH value;
1 = extraction yield, %, expressed as

Ci — Cf
n= o x 100
where ¢; = initial concentration of the Co?* solution, mg/L
¢ = final concentration of the Co?* solution after treatment,
mg/L

The experiments show that by choosing different internal phases (pro-
ton donor or proton nondonor), Co?* transport occurs only by the “‘coun-
tertransport’’ mechanism (Table 2, Fig. 1):

| Co** + (HX), — CoX, + 2H™*
The driving force of ‘‘countertransport’ is the difference between pH;
and pH..

Experiments were carried out for pH; values ranging from 1 to 5.5 and
for pH, values ranging from 7 to 10. Though a maximum yield is expected
for the maximum pH.~pH; difference, practical results show that for pH;
ranging from 1 to 3 the membrane does not withstand the treatment condi-
tions (the membrane swells or breaks). For more dilute solutions (300 mg/
L Co?*), high yields were obtained for pH; ranging from 3 to 5.5 and pH.
= 10 (Fig. 2).
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TABLE 2
Carrier Selection (pH; 3.5, pH. 10)
Initial Final
concentration  concentration
Intermediate of Co?* of Co** n
Carrier? form (mg/L) (mg/L) (%) Remarks
Naphthenic Salt 25 96 Cheap
acid
D2EHPA Salt 385 38.4  Expensive,
toxic
PC 88A Salt 480 23.2  Expensive,
toxic
Pyridine Complex 625 315 49.6  Expensive,
toxic
Acetyl acetone  Complex 500 20 Expensive
Silicone oil Complex 550 12 Expensive
Stearic acid Salt 550 12 —_—

¢ D2EHPA

= di(2-ethylhexyl)phosphate. PC 88A = 2-ethylhexylphosphonic acid.

Different carriers were tested, and the cheapest, the most nontoxic,
and the most satisfactory of them were naphthenic acids (Table 2).

Some authors have shown that a hexa-aqueous Co?* complex is kinet-
ically inert and its extraction from the aqueous to the organic phase is
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FIG. 1 Liquid membrane.
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FIG.2 Removal of Co?* ions. ¢; = 625 mg Co?*/L. ¢z — 300 mg Co?*/L. (x) Removal

of cobalt ions from concentrated solutions (c;) at pHe 7. (A) Removal of cobalt ions from

diluted solutions (c¢) at pHe 7. (O) Removal of cobalt ions from concentrated solutions (c,)

at pHe 8. (OJ) Removal of cobalt ions from diluted solutions (c;) at pH. 8. (A) Removal of

cobalt ions from concentrated solutions (c;) at pHe 10. (@) Removal of cobalt ions from
diluted solutions (c2) at pH, 10.

limited or stopped by a slow release of water molecules (9-11), but the
addition of an organic ligand such as propionate, acetate, salicylate, for-
mate or succinate enhances the rate of the extraction process by replacing
the water molecules with ligand molecules (11).

For this work the hexa-aqueous Co®* complexes were modified by
adding NaOH solution. In this case the ligand was an inorganic one,
[OH] . The external phase contained the complexes Co(OH)*, Co(OH)3,
Co(OH); , and Co(OH), | :

Co(OH), | = Co?* + 2HO~, pKs = 15.7 (1)
CoOH* = Co** + HO~, pK, = 4.4 )
Co(OH)Y = Co** + 2HO~, pKi, = 4.6 3)

CO(OH);:,_ 2 Co%* + 3HO -, pK1,2,3 = 10.5 4)
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From
Ks = [Co’"][OH P
one can note:
pCo?* = 15.7 — 2pOH
pCo?* = 2pH - 12.3
From Equilibrium (2), one obtains:

_ [Co**][HO"] _ [Co**][HO" P

K = TCeOH"T = [CoOH [HO ]
K = [CoOH " ][HO ]
ey Ks
[CoOH "] = i

pCoOH* = pKs — pK; — pOH
pCoOH™ = 15.7 — 4.4 — 14 + pH
{pCoOH* = pH - 2.7
From Equilibrium (3):

k- ICO'IHO P _ Ks
27 [Co(OH)f1 ~ [Co(OH)?]

pCo(OH) = pKs — pKi:2
pCo(OH)? = 11.2

From Equilibrium (4):
Kias = [Co“][HO_“P _ Ks'[HO'_}
o {Co(OH);] [Co(OH)5"]
pCo(OH); = pKs — pKiz5 + pOH
pCo(OH); = 19.2 — pH

The concentration lines of Co?* species vs pH are (Fig. 3):

pCo?* = 2pH — 12.3

pCoOH = pH - 2.7

pCo(OH)? = constant
pCo(OH); = 19.2 — pH

&)

(6)
@)

®

&)
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(16)
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FIG. 3 Concentration of Co®* species.

At pH. 10, the values pCo** = 7.7, pCoOH* = 7.3, pCo(OH)Y =
11.1, and pCo(OH)s" = 9.2 show that the [Co?* ] and [CoOH * ] concentra-
tions are the highest in the system.

The Co?* ions are hydrated by six water molecules and exhibit both
an octahedral configuration and a dissipated charge in a large volume.
The Co(OH)* complex has a tetrahedral structure and has a directed
charge. This complex reacts with naphthenic acids and releases Co?™
ions.

The Co?™* ions are retained by the membrane, the HO ™ ions are con-
sumed by protons, and Equilibrium (1) shifts completely to Co(OH), solu-
bilization.
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The exhausted liquid membranes were broken up by an electric field.
A cylindrical cell (12) with an inner vertical insulated electrode and an
outer one (coating the cell) was used; the alternating voltage (U) applied
to the system ranges from 3000 to 5000 V and the frequency of the system
(v) ranges from 500 to 2000 Hz.

The breaking-up process was visually observed by a change of the H/
H, ratio versus time (H = the level of the separated aqueous layer, H,
= the entire height of the emulsion layer). Experimental data show that
liquid membranes containing Co?* ions can be easily but not completely
(H/H, = 0.6) broken-up at 4000-5000 V and 500-1000 Hz (Fig. 4).

The experimental data fit a nonlinear regression program—SIMPLEX
optimization by a IBM/PC/XT computer:

H/H() = b1 + bze_b3t (17)

where H = the level of separated aqueous layer, mm
H, = the entire height of the emulsion layer at the initial time, mm
= time, seconds
b, b2, bs = parameters determinated by nonlinear regression

Relation (17) shows that by plotting the experimental data for r = 0, one
can extrapolate the time-lag of the breaking-up process. Note that the
breaking-up process occurs very successfully at low frequencies and high
voltages.

For values U < 3000 V, the process does not occur, and at U = 5000
V the frequency values are less important (Fig. 4).

After break-up the organic phase has about 0.8—1.5% water (detected
by Karl Fischer titration), and about 40% of the Co®* ions have been
removed from the source phase (calculated from the balance between the
source and receiving phase). In order to recycle the liquid membrane, it
is necessary to ‘‘wash’’ it with a dilute HCI solution.

The concentration of naphthenic acids is higher than the stoichiometric
value because this favors a more rapid removal of Co®>* and increases
the viscosity and the stability of the membrane. Diffusion across the mem-
brane is not rate limiting in the transfer process. The release of Co?* at
the M, interface is achieved by a chemical process (it is obvious that HCI
is much stronger than the naphthenic acids), but the HCI concentration
of the receiving phase is lower than the stoichiometric one (pH; = 3.5,
e.g., [H*] = 3.2 x 107* mol/L). Tests for pH; = 1, pH; = 2, and pH;
= 3 (higher or equal concentration compared to the stoichiometric one)
were made, but the results for the transport yield, membrane swelling,
and membrane break-up fluctuated.
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FIG. 4 Breaking-up process: (a) U = 3000 V, (b) U = 4000 V, (c) U = 5000 V.
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The inner phase (pH; = 5.5-6) after break-up contains 175 mg Co?*/
L, a lower value than what is stoichiometrically possible. The inner area
M, is much larger than the outer one (there are many small encapsulated
water droplets) and the unusually low concentration of metallic ions on
the inner phase compared with the other species studied leads to the as-
sumption that in the second bonded layer a ‘‘stagnation diffusion process”’
occurs.

That means that the large metallic ions are hexa-aqueous hydrated and
that the aqueous Cl~ ions slowly diffuse into the receiving phase, and
this can be the rate-determining step. This phenomenon is called ‘‘concen-
tration polarization’’ in the literature (13).

CONCLUSION

The recovery and concentration of Co?>* ions by the emulsion liquid
membrane process represents an advanced method of wastewater cleaning
and may be carried out with good results at pH; 3.5 and pH. 10. The
exhausted membrane was broken up by an alternating electric field at
4000-5000 V and 500-1000 Hz. The organic phase must be ‘‘washed”
with dilute HCI solution before it is recycled.
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