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Abstract The effect of bis-(2-ethylhexyl)phosphoric acid
(DEHPA) on the region of existence, conductivity and
structure of sodium bis-(2-ethylhexyl)phosphate (NaDE-
HP) microemulsion has a dual nature and depends on
DEHPA concentration. In the system NaDEHP-DEHPA—
kerosene—water, the narrowing of the microemulsion
region is observed with DEHPA concentration in the
organic phase growth from 0.1 to 0.5 mol/L. The increase
of DEHPA concentration in the organic phase from 0.1 to
0.4 mol/L leads to the reduction of electrical conductivity
of the microemulsions. Based on the conductivity and
viscosity measurements, we suppose the transition from
reverse microemulsion with isolated droplets to percolate
microemulsion at volume fraction of water 0.18
(W= CHZO/CNaDEHP = 8). Droplet size of the micro-
emulsions increases linearly with W growth. The rise of
DEHPA concentration in the organic phase from 0.1 to
0.3 mol/L causes the growth of the coefficient at W in the
equation d = kW + b from 0.038 to 0.249, i.e., it increases
the slope of the lines. In contrast, DEHPA introduction at
the concentration 0.1 mol/L (in the organic phase) leads to
the expansion of the microemulsion region, does not affect
the conductivity and decreases the coefficient at W. The
rate of copper recovery into the microemulsion increases
considerably with the rise of DEHPA concentration from
0.0 to 0.3 mol/L; no dual effect is observed. The following
composition of the microemulsion for non-ferrous metals
leaching is recommended:  Cnapenp = 1.6 mol/L,
Cpenapa = 0.3 mol/L (in the organic phase); W = 8-32.
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Introduction

Microemulsions are thermodynamically stable, macro-
scopically homogeneous mixtures of at least three com-
ponents: polar and nonpolar liquid phases (usually water
and oil) and a surfactant that, on a microscopic level, forms
a film separating the two incompatible liquids into two sub-
phases. A microemulsion phase may be in equilibrium with
excess oil (Winsor I), or water (Winsor II), or both oil and
water (Winsor III). Phase diagrams of amphiphiles may
also contain a single-phase microemulsion region (Winsor
IV), which is a subject of our study.

Microstructure of Winsor IV type microemulsion usu-
ally changes with increasing water content from water-in-
oil microemulsion droplets to bicontinuous structure and
then to oil-in-water. The structure of microemulsion may
be described by a concept of spontaneous curvature of the
surfactant layer. At markedly positive spontaneous curva-
tures we have discrete oil-swollen micelles or oil droplets;
at significant negative spontaneous curvatures there are
discrete water-swollen reversed micelles or water droplets.
At a zero spontaneous curvature we have a structure of
minimal surface aggregates, which are disordered over
larger distances. So, a bicontinuous microemulsion consists
of a disordered, connected surfactant film separating the
water and oil domains. The film has a spontaneous curva-
ture that is close to zero, i.e., it has no tendency to curve
toward either oil or water [1].

Microemulsions are promising systems for the technol-
ogy due to solubilization of both polar and apolar
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substances. Microemulsions are used for cleaning of solid
surfaces, for enhanced oil recovery, as water-repellents in
construction industry, and for substance separation in
analytical chemistry. Microemulsions are perspective for
enzymatic reactions, for polymerization, for the synthesis
of inorganic nanoparticles and nanocomposites [1-7]. Mi-
croemulsions are applied for the solvent extraction of
organic and inorganic substances [8, 9].

Microemulsions for metal recovery may contain ex-
tractants—the substances that are used for separating by a
solvent extraction technique. Reverse (W/O) extractant-
containing microemulsions in equilibrium with water
phase (Winsor II) are the most commonly used micro-
emulsion systems for the solvent extraction of metals.
Winsor II system forms upon contact of the organic
solution of a surfactant with an extractant with the water
solution of metal salts. Reverse microemulsions are able
to solubilize hydrophilic metal ions. This leads to the
increase of distribution coefficients of metal ions [10]. For
example, extraction of Al and Zn into W/O microemul-
sion with bis-(2-ethylhexyl)phosphoric acid was shown
[11]. Co and Ni were recovered into W/O microemulsion
of cetyltrimethylammonium bromide and pentanol [12],
Cd extraction into W/O microemulsion was studied in the
system tri-n-octylamine—secondary  octanol-kerosene—
HCl-water [13].

We suggested using extractant-containing microemul-
sions for recovery of metals directly from a solid phase
(microemulsion leaching) [14]. This method allows com-
bining leaching and extraction processes. In microemul-
sions, it is possible to use different extractants of various
classes, and also their mixtures. During the leaching,
valuable metals are selectively extracted into the micro-
emulsion, and components which are not or poorly
extractable remain as a part of a solid phase and have to be
separated at a filtration stage. The extracted metals in the
microemulsion, after the re-extraction (stripping) remain in
a water phase, and are subject to additional separation and
purification. The organic phase after re-extraction is
returned to the microemulsion preparation.

Sodium bis-(2-ethylhexyl)phosphate (NaDEHP) micro-
emulsion is a promising system for the microemulsion
leaching of non-ferrous metals from ores and secondary
raw materials. NaDEHP is a sodium salt of bis-(2-ethyl-
hexyl)phosphoric acid (DEHPA)—a well-known industrial
extractant that is used for separation and purification of
substances. Application of NaDEHP microemulsion allows
selective extraction of non-ferrous metals with very low
iron extraction. Selectivity of extraction of non-ferrous
metals (nickel, cobalt, copper) and iron from a sample of
cobalt-copper concentrate in NaDEHP microemulsion
corresponds to selectivity of the extractant—bis-(2-ethyl-
hexyl)phosphoric acid [14].
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Fig. 1 Structure of NaDEHP and AOT molecules

NaDEHP structure is analogous to sodium bis-(2-eth-
ylhexyl) sulfosuccinate (AOT), which is a well-known
surfactant (Fig. 1). The area per head group of NaDEHP
molecule was calculated to be 0.64 nm? for spherical
reverse micelles in benzene, close to that of AOT
(0.60 nmz) [15]. Both AOT and NaDEHP can form mi-
croemulsions in ternary systems with water and aliphatic
hydrocarbon solvents without a co-surfactant. For example,
the formation of bicontinuous and direct microemulsion in
the system NaDEHP-heptane—water is described [16].
Reverse microemulsion is shown in the system of NaDE-
HP-hexane—water solution of NaCl or CaCl, [17]. The
formation of microemulsion is studied in the system
NaDEHP-decane—water [18].

DEHPA will affect the properties of NaDEHP micro-
emulsion. DEHPA is a surfactant; for example, it essen-
tially decreases the interfacial tension in the system
DEHPA-n-hexane—aqueous acid (HCl, HNOj;, H,SO,,
HCIO,) solution. The area per head group of DEHPA
molecule in this system was in the range 1.82-1.86 nm? at
pH value 1.0-5.0 [19]. It is shown that the replacement of
10-30 mol% NaDEHP by DEHPA leads to an increase of
water solubilization capacity in the system NaDEHP-DE-
HPA-n-heptane—water [20].

The effect of DEHPA on the region of existence,
physicochemical properties and nanostructure of micro-
emulsions formed by its sodium salt (NaDEHP) is practi-
cally unexplored. The purpose of this work was to study the
effect of DEHPA on the region of existence, structural
transitions, and droplet size of NaDEHP microemulsions,
as well as the ability of the microemulsions to recover
copper from a solid phase.

Experimental Procedures
Materials

DEHPA (Acros Organics, Belgium) with purity of more
than 95 %, NaOH of pure grade were used without further
purification. NaDEHP was obtained in situ from DEHPA
and NaOH during the microemulsion preparation. Distilled
water was used for sample preparation. Kerosene KO-25
(illuminating kerosene, mixture of hydrocarbons Cg—Cis,
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density at 20 °C was 785 kg/m>, received from Expert-Oil,
Russia) was used as an organic solvent. Kerosene was
chosen because of its practical importance; kerosene is a
commonly used organic solvent in the process of solvent
extraction of metals. Microemulsions in the system
NaDEHP-DEHPA-kerosene—water were proposed previ-
ously for microemulsion leaching of metals [14]. CuO of
pure grade was used as a powder, with particle size
5-75 pm, average particle size 23 pm.

Methods

Sample Preparation and Determination of the Region
of Existence

The samples of NaDEHP microemulsions were prepared by
mixing the required amounts of an aqueous NaOH solution
and a DEHPA solution in kerosene. During the mixing, the
neutralization reaction of NaOH and bis-(2-ethylhexyl)phos-
phoric acid took place and the formation of optically clear
microemulsion was observed. DEHPA, introduced over the
stoichiometric ratio DEHPA:NaOH = 1:1, can act as a co-
surfactant, which affects the microemulsion properties, and as
an extractant for metal recovery. Water formed in the neu-
tralization reaction was taken into account in the calculation of
W= CHZO/CNaDEHP values.

Determination of the region of existence of the micro-
emulsion was carried out in the temperature-controlled test
tubes at a temperature of 20.0 £ 0.2 °C, by increasing the
water concentration while keeping the NaDEHP-to-kero-
sene ratio fixed. Water was added into a sample of the
microemulsion with an interval AW = 0.5. After water
addition, the sample was stirred and allowed to reach
equilibrium for 5 min; the equilibrium phase state was
detected visually. Water introduction into the microemul-
sion was continued before the appearance of turbidity and
the subsequent phase separation. Microemulsion in equi-
librium with excess organic phase (Winsor I) at low
NaDEHP concentration and microemulsion in equilibrium
with water-rich liquid crystalline phase at high NaDEHP
concentration were observed at water content higher than
the boundary of the microemulsion existence. The bound-
ary was confirmed by obtaining samples with water content
slightly less than the boundary value and slightly exceeding
the maximum water solubilization.

Conductance Measurements

The conductance measurements were taken by the con-
ductivity meter Hanna 8733 (Hanna Instruments, Ger-
many), and temperature was controlled with the
accuracy £0.2 °C. Before each measurement, the micro-
emulsion was kept at a given temperature for 30 min.

Viscosity Measurements

The dynamic viscosity was measured with a rotation vis-
cometer Rheotest 2 (RHEOTEST, Germany) with coaxial
cylinders at 20.0 & 0.2 °C in the shear rate range
27-1,312 s~!. Before each measurement, the microemul-
sion was kept at T = 20 °C for 30 min.

Dynamic Light Scattering

The average hydrodynamic diameter of the microemulsion
droplets was determined by dynamic light scattering by
Zetasizer Nano ZS (Malvern Instruments, UK) equipped
with a He—Ne laser operating at 532 nm at temperature
20 °C. To obtain statistically reliable results, each mea-
surement was performed at least five times.

Copper Leaching

Copper was chosen as an example of non-ferrous metal for
the leaching study, because it is well extracted by DEHPA.
Previous leaching experiments demonstrated that recovery
factor of copper from cobalt-copper concentrate into
NaDEHP microemulsion was higher than recovery factors
of cobalt and nickel [14]. The leaching process was per-
formed in the closed flasks at a ratio of solid and liquid
phase S:L = 1:50 at a temperature 80 °C and mechanical
stirring (rotational motion with an amplitude of 4 mm and
frequency of 200 turn/min) in an ELPAN 457 water bath
shaker (Poland). This mechanical stirring corresponds to
the regime in which the leaching rate is independent of the
rate of mixing a suspension of the solid phase in the mi-
croemulsion. During the leaching process, the microemul-
sion was stable and transparent.

To remove the suspended particles of the solid phase,
samples of the microemulsion were centrifuged for 10 min
at 5,000 g. Metals were re-extracted from the microemul-
sion by mixing for 1 min with a threefold volume of 10 %
sulfuric acid. For the re-extraction process and phase sep-
aration, the samples were kept for at least 1 day at room
temperature. The copper content was then determined by
the photometric method by coloring with cuprizone using a
KFK-2 photoelectric colorimeter (Russia) at 590 nm in
cuvettes with a thickness of 1 cm.

Results and Discussion
Region of Existence
The region of existence of NaDEHP microemulsion in

kerosene was determined in the presence of various
amounts of extractant DEHPA. The effect of “extra”
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Fig. 2 Dependence of maximum water content in the microemulsion
from NaDEHP concentration at different DEHPA concentrations in
the organic phase

DEHPA (i.e., introduced over the stoichiometric ratio
DEHPA:NaOH = 1:1) on the region of existence was
investigated at DEHPA concentration in the organic phase
0.0-0.5 mol/L. DEHPA in this system plays a dual role: it
is used as a reactant for surfactant NaDEHP synthesis, and
the “additional” DEHPA can act as a co-surfactant and as
an extractant for metal recovery. The results obtained are
shown in Fig. 2 as a dependence of maximum water con-
tent in the microemulsion W = Cp,o/CnapEnp ON
NaDEHP concentration at different “additional” DEHPA
concentrations.

The presented data (Fig. 2) show that the shape of the
microemulsion region is similar for the systems with DE-
HPA concentrations 0.0-0.4 mol/L: the maximum value of
W, is observed at NaDEHP concentrations 1.6 mol/L. A
similar shape of the microemulsion region with maximum
value of W, at medium NaDEHP concentration is shown
for the systems NaDEHP-heptane—water [11] and NaDE-
HP-decane—water [17].

DEHPA introduction into NaDEHP microemulsion
changes the boundary of the region of existence of the
microemulsion at 20 °C; the change depends on the DE-
HPA concentration. Introduction of DEHPA in the organic
phase at concentration 0.1 mol/L extends the region of the
microemulsion. When DEHPA concentration increases
from Cpgppa = 0.1 to 0.5 mol/l, W, decreases and the
narrowing of the microemulsion region is observed (curves
3-6 in Fig. 2). A similar result was shown for NaDEHP
microemulsion in heptane: water solubilization capacity of
the microemulsion increased from W, = 20 to W, = 140
when 10 mol% of NaDEHP was changed into DEHPA, and
then decreased to W, = 20 with DEHPA proportion in the
mixture NaDEHP+DEHPA growing to 40 mol% [20].
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Fig. 3 Decimal logarithm of conductivity as a function of volume
fraction of water for the system NaDEHP-DEHPA-kerosene—water at
different DEHPA concentration in the organic phase. Cnupgup =
1.6 mol/L (in the organic phase)

Electrical Conductivity

Co-surfactant introduction in microemulsion can change
the region of existence of microemulsion and other prop-
erties: electrical conductivity, droplet size and micro-
emulsion structure. The effect of DEHPA on such
properties of NaDEHP microemulsion has not investigated
in detail.

Electrical conductivity of samples with NaDEHP con-
centration in the organic phase equal to 1.6 mol/L was
studied at 20 °C in the range of water content from
W = Ch,0/CnapErp = 4.0 to the boundary of microemul-
sion existence. The results of the conductivity measure-
ments for the samples with different amounts of DEHPA
are shown in Fig. 3 as conductivity logarithm dependencies
on volume fraction of water (®).

DEHPA introduction at a concentration of 0.1 mol/L
practically does not affect on the electrical conductivity of
NaDEHP microemulsion. DEHPA concentration growth in
the organic phase of the microemulsions from 0.1 to
0.4 mol/L leads to a decrease of the conductivity both at
low @ values and at relatively high water content.

With the growth of @ value, a sharp increase in the
conductivity is observed in the range of @ < 0.18 (W < 8),
while at @ > 0.18 (W > 8) a slight increase (Fig 3.) is
observed, regardless of the DEHPA concentration in the
microemulsion. This is typical for the phenomenon of
volume-induced percolation, and the percolation threshold
is approximately equal to 0.18 (W = 8). For example, the
similar conductivity dependence on volume fraction of
water in the microemulsion systems of AOT-linear ali-
phatic hydrocarbon—water has been shown. A percolation
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threshold in these systems is in the range of @ values of
0.16 to 0.22 at 50 °C, and decreases with the growth of the
hydrocarbon chain length from n-hexane to n-decane [21].
An increase of conductivity by several orders at4 < W < 7
and a slight conductivity change at W > 7 is demonstrated
for the system NaDEHP-n-heptane—water at 20 °C [16]. In
the investigated system of NaDEHP-DEHPA-kerosene—
water, the threshold of volume-induced percolation is
observed at a water volume fraction of @ = 0.18 (W = 8),
which is comparable with the above values.

DEHPA in the concentration range of 0.0 to 0.4 mol/L
(in the organic phase) does not affect on the threshold of
volume-induced percolation of NaDEHP microemulsion.
This differs from the action of acidic additives in AOT-
based microemulsion. Partial replacement of AOT by
DEHPA in AOT-heptane—water microemulsion reduces
the temperature of temperature-induced percolation [20].
Introduction of n-alkyl acids, especially medium and long
chain acids (C4—C,3), into AOT-based microemulsion in
isooctane leads to an increase in the temperature of per-
colation [22].

Percolation phenomena and structural transitions in
microemulsions are frequently accompanied by extreme
changes of viscosity [16, 23-25]. For example, for the
system NaDEHP-n-heptane-water, two maxima were
observed on the dependence of viscosity versus water
concentration at W = 4 (interpreted as transition from
reverse to bicontinuous microemulsion) and at W = 100
(transition from bicontinuous to O/W microemulsion) [16].
Viscosity maxima of the microemulsion phase accompa-
nied the transitions from Winsor I to Winsor III and from
Winsor III to Winsor II systems [23]. In the system AOT-
decane—aqueous 0.5 % NaCl solution, two viscosity max-
ima were observed at oil volume fraction approximately
equal to 20 and 80 %, which corresponded to structural
transitions from O/W microemulsion to a bicontinuous one
and from bicontinuous to W/O microemulsions [25].

The viscosity of DEHPA-containing NaDEHP micro-
emulsion with different volume fractions of water was
investigated to confirm the percolation threshold. Micro-
emulsions in the investigated system are non-Newtonian
fluids; their viscosity decreases with the shear rate growth.
Dynamic viscosity at shear rates 27-1,312 s™' was mea-
sured, the data at low (27 s~ '), medium (81 s™') and high
(243 s7') shear rate are presented in Fig. 4. Maximum
viscosity is observed at all shear rates at @ = 0.19; this is
at approximately the same @ values as the threshold of
conductivity percolation.

A sharp change in the properties of the microemulsion—
for example, in electrical conductivity and viscosity—is
related to changes in its structure. To better understand the
nature of the structural transition in the system NaDEHP—
DEHPA-kerosene—water at ¢ = (.18, the dependence of
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Fig. 5 Conductivity as a function of volume fraction of water for the
system NaDEHP-DEHPA-kerosene—water at different temperatures.
The composition of organic phase of the microemulsion: Cnapgup =
1.6 mOl/L, CDEHPA = 0.3 mol/L

the conductivity from @& value at different temperatures
was studied. The investigation was carried out in the range
of water volume fraction from @ = 0.10 to the boundary of
microemulsion existence. The results are shown in Fig. 5.

The region of existence of the microemulsion expands
with the temperature growth. For example, W, = 140 is
reached at T = 80 °C, which corresponds to water volume
fraction @ = 0.80 (Fig. 5). When the temperature grows,
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the interaction of ionic surfactants with water increases,
spontaneous curvature of the surfactant layer changes from
negative to zero and positive; this leads to the formation of
bicontinuous and direct (O/W) microemulsion [1, 7].
Therefore, the formation of bicontinuous and direct mi-
croemulsion in the system NaDEHP-DEHPA-kerosene—
water at high volume fraction of water and high tempera-
ture is possible.

The regions of the microemulsions with different
structure can be established based on the changes in the
conductivity curves. Bending of the conductivity curves is
observed at @ = (.18 at all temperatures studied, which is
especially evident on the logarithm curve, and maximum of
conductivity appears at @ = 0.70 (at 7 = 80 °C). We can
determine three areas on the conductivity curves: I—at
® <0.18, II—at 0.18 <P <0.70, II—at & > 0.70.
These areas may correspond to the microemulsions with
different structure. The same conductivity profile was
demonstrated for the microemulsions in the system Tween
80-ethanol-oleic acid—water; a decrease of conductivity at
high water content was interpreted as structural transition
from bicontinuous to direct microemulsion [26]. We can
assume the existence of the reverse (W/O) microemulsion
with isolated droplets at low concentrations of water
(® < 0.18) in the system. The region of the conductivity
decrease at high water content (¢ > 0.70) is characterized
as a region of direct (O/W) microemulsion.

Thus, we can observe the gradual transition from reverse
microemulsion to a direct one in the system NaDEHP-
DEHPA-kerosene-water at 7 = 80 °C. The structure of
the microemulsion changes with water concentration as
follows: reverse microemulsion with isolated droplets in
the region I, reverse percolate microemulsion (dynamic
cluster of water droplets) and bicontinuous microemulsion
(continuous surfactant film separating the water and oil
domains) in the region II, and direct microemulsion (region
IIT). For example, the gradual transitions from O/W to bi-
continuous and W/O microemulsion with the growth of oil
volume fraction from 0.1 to 0.9 were observed directly by
freeze fracture electron microscopy [27].

The same change of the microemulsion structure is
proposed at temperatures 60, 40 and 20 °C: reverse mi-
croemulsion with isolated droplets and reverse percolate
microemulsion, which gradually transforms into bicontin-
uous microemulsion. The system does not reach a region of
direct microemulsion at these temperatures.

Droplet Size
The hydrodynamic diameter of droplets of NaDEHP mi-
croemulsion with different water content was studied at

20 °C by dynamic light scattering method. Water concen-
tration in the samples was higher than the threshold of
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volume-induced percolation. The dependence of hydrody-
namic diameter of droplets from W for NaDEHP micro-
emulsions with different DEHPA concentration is shown in
Tablel. Linear dependence is observed for the micro-
emulsions with DEHPA and without co-surfactant.

The linear dependence of the hydrodynamic diameter of
droplets on W is known for the systems with AOT, which is
a close analogue of NaDEHP. For example, the expression
for hydrodynamic diameter of AOT reverse micelles is
shown [1]:

d = 0.36W + 3.0. (5)

The expression for water core diameter of AOT reverse
micelles is known [5]:

d=03W (6)

For AOT reverse micelles in toluene, the dependence
d(W) obtained by dynamic light scattering method [28] can
be described as:

d=0225W +2.7 (7)

The coefficient at Win Eq. 1 is lower than in the Egs. 5—
7. So, the effect of water content on droplet size for
NaDEHP microemulsion is more weakly expressed than
for the systems with AOT.

The growth of DEHPA concentration in the micro-
emulsion leads to the increase of hydrodynamic diameter
of the droplets and changes the slope of the lines
d = kW + b (Table 1). The increase of DEHPA concen-
tration in the organic phase of the microemulsion from 0.1
to 0.3 mol/L causes the increase of the coefficient at W
from 0.038 to 0.249. The DEHPA addition into the mi-
croemulsion at a concentration less than 0.1 mol/L (in
organic phase) results in the decrease of the coefficient at
W from 0.099 to 0.038.

Thus, we observe the narrowing of the microemulsion
region at DEHPA concentration growth from 0.1 to
0.5 mol/L (Fig. 2), a decrease in conductivity (Fig. 3),
growth of the droplet size, and an increase of the coeffi-
cient at W (Table 1) in the DEHPA concentration range
0.1-0.3 mol/L. Analogous results are obtained for AOT
microemulsions. The effect of substitution of Na* by H™ as
the counterion is studied in AOT-based W/O microemul-
sions. It has been shown that Na® counterions screen
electrostatic repulsions between polar headgroups of the
surfactant molecules in droplets of AOT W/O micro-
emulsion. Partial replacement of Na-AOT by H-AOT leads
to the growth of the droplet size from 8 to 110 nm in the
region of H-AOT mole fraction in the surfactant mixture
0 < Xy.aor < 0.52. Phase separation takes place with the
further increase in the proportion of H-AOT in the sur-
factant mixture. When H-AOT mole fraction grows,
screening of the electrostatic repulsion between sulfonate
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Table 1 Hydrodynamic diameter of droplets (d, nm) of the microemulsion in the system NaDEHP-DEHPA-kerosene—water with different

W and CDEHPA- CNaDEHP = 1.6 mol/L

w CDEHPA’ mol/L
0.0 0.1 0.2 0.3
10 30+ 0.1 38 +0.3 4.6 £0.2 5.0+ 0.1
15 32405 42 +0.1 57+02 6.6 +£0.2
20 39+0.13 42 4+02 6.1 £0.2 7.6 +£0.5
25 4.4 £ 0.13 44 4+02 6.5+ 04 8.9 £ 0.8
Equation d=0.09W + 1.9 (1) d = 0.038W + 3.5 (2) d=0.122W + 3.6 (3) d = 0.249W + 2.7 (4)
Correlation coefficient 0.98 0.95 0.96 0.99

groups by the counterion weakens, the distance between
the polar headgroups increases, and the droplet size rises.
Further increase in the proportion of H-AOT leads to
destabilization of the interface of the microemulsion
droplets [29]. The increase of electrostatic repulsion
between the polar phosphate groups with DEHPA intro-
duction can also take place in the instigated NaDEHP
microemulsion. But taking only the decrease of screening
of the electrostatic repulsion of phosphate groups into
account does not explain the decrease in the conductivity
with DEHPA concentration growth at constant Cnapgnp,
both before and after the percolation threshold.

DEHPA is a weak acid (pKa = 1.4); it is well soluble in
hydrocarbons and slightly soluble in water. In apolar sol-
vents, DEHPA forms dimers (DEHPA), due to the
hydrogen bonds of the phosphate groups. DEHPA intro-
duction enhances the solubility of bis-(2-ethylhexyl)phos-
phates in apolar solvents due to the formation of complexes
M(DEHP-DEHPA),, [30, 31]. DEHPA addition may cause
an increase of NaDEHP solubility in the organic phase of
the microemulsion. This results in a decrease in the number
of NaDEHP molecules at the interface.

At the presence of relatively high concentrations of
DEHPA, the solubility of NaDEHP in the organic solvent
increases, and DEHPA acts as a co-solvent. It leads to the
distribution of NaDEHP molecules from the oil-water
interface into the bulk organic phase. The number of
charge carriers in water phase reduces, and it decreases the
conductivity. Water core diameter of the droplets increases
with the reduction of the number of surfactant molecules at
the interface. The narrowing of the microemulsion region
at DEHPA concentration growth can also be explained by
the transition of NaDEHP molecules from the interface into
the bulk organic phase. Thus, DEHPA effect on the prop-
erties of NaDEHP microemulsion may be caused not only
by the reduction of the screening of electrostatic repulsion
of the phosphate groups, but also by the distribution of
NaDEHP molecules from the oil-water interface into the
bulk organic phase.

On the other hand, the expansion of the microemulsion
region and the decrease of the coefficient at W at DEHPA
concentration 0.1 mol/L are due to the formation of a
mixed monolayer of DEHPA and NaDEHP molecules at
the interface. In this case, at relatively low concentrations,
DEHPA acts as a co-surfactant.

So, the effect of DEHPA on NaDEHP microemulsion
has a dual nature and depends on the concentration of the
extractant. At low values of DEHPA concentration, the
effect of the extractant as a co-surfactant predominates.
DEHPA molecules are localized at the interface and take
part in the stabilization of the microemulsion droplets.
With the growth of DEHPA concentration, the destabiliz-
ing effect of DEHPA on the microemulsion becomes pre-
dominant. DEHPA molecules can decrease the screening
effect of Na™ counterions on the electrostatic repulsions of
polar headgroups of the surfactant, and DEHPA can reduce
the number of NaDEHP molecules at the interface due to
the increase of NaDEHP solubility in the bulk organic
phase of the microemulsion.

Copper Recovery

Extractant concentration in the microemulsion is an
important parameter that affects metal recovery. The effect
of “additional” DEHPA (i.e., introduced over the stoichi-
ometric ratio DEHPA:NaOH = 1:1) on copper recovery
from CuO particles was investigated. CuO is used as a
model system of copper oxide ores and secondary raw
materials. Microemulsion with the following composition
was used for the leaching process: Cnapgup = 1.6 mol/L
(in the organic phase), W = 25. DEHPA concentration in
the organic phase of the microemulsion was varied from 0
to 0.3 mol/L. These microemulsions are identical in
structure (percolate microemulsion), but differ in the size
of droplets.

It was previously shown that the rate of copper leaching
from a sample of cobalt—copper oxide ore into DEHPA
containing microemulsion increases in the temperature
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Fig. 6 Copper recovery from CuO powder into NaDEHP micro-
emulsion with different DEHPA concentration in the organic phase.
Cnapenp = 1.6 mol/L (in the organic phase); W = 25; T = 80 °C

range 50-80 °C; the effective activation energy of the
leaching process was 38 kJ/mol. The obtained value of the
activation energy corresponds to the process in which
the total rate is influenced by the chemical reaction and the
diffusion processes [32]. A temperature of 80 °C was
chosen to provide the highest possible speed of the process
and stability of the microemulsion. The reaction proceeds
according to the equation:

2DEHPA + CuO = Cu(DEHP),+ H,0 (8)

The results of the DEHPA effect on copper recovery
into NaDEHP microemulsion are presented in Fig. 6. In the
absence of the extractant, the leaching rate is very low
(curve 1 in Fig. 6). The rate of the microemulsion leaching
(in the initial sections of the curves) increases considerably
with the rise of DEHPA concentration (curves 2—4 in
Fig. 6). We observe only the positive effect of DEHPA on
the total rate of copper recovery into the microemulsion.
The quantity of the metal recovered in the microemulsion
also increases with the growth of the extractant concen-
tration. So, the higher the concentration of DEHPA in
NaDEHP microemulsion, the better the microemulsion
leaching will be. The limitation is the region of existence of
the microemulsion, which narrows with increasing of
DEHPA concentration in the organic phase at Cpg.
HPA > 0.1 mol/L.

Microemulsion for the leaching should have a broad
region of existence and a high solubilization capacity of
water for the processing of wet raw materials, for example,
galvanic sludge. DEHPA concentration in the microemul-
sion is required to be as high as possible to provide the
desired rate of the process and recovery of metal. The
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maximum value of W, is observed at NaDEHP concen-
trations of 1.6 mol/L and at a DEHPA concentration of
0.1 mol/L. At a DEHPA concentration of 0.3 mol/L, W,
values are slightly lower, but the leaching rate and the
metal recovery are significantly higher than at Cpg
ara = 0.1 mol/L. At Cpgupa > 0.3 mol/L, essential nar-
rowing of the microemulsion region is observed. Based on
these results, we can recommend microemulsion in the
system NaDEHP-DEHPA-kerosene—water with Cnapg-
up = 1.6 mol/L, Cpgupa = 0.3 mol/L (in the organic
phase) for the leaching of non-ferrous metals. The rate of
diffusion in the reverse microemulsion with percolated
structure is higher than in the reverse microemulsion with
isolated droplets, so water content in the microemulsion is
recommended to be in the range of W values from 8 (the
percolation threshold) to 32 (the boundary of microemul-
sion existence at 20 °C).

The results obtained in this study are considered as a
basis for the elaboration of the process of non-ferrous metal
leaching from complex ores and secondary raw materials
by means of DEHPA-containing NaDEHP microemulsion.

Conclusion

The effect of DEHPA on region of existence, electrical
conductivity and droplet size of NaDEHP microemulsions
is depends on the DEHPA concentration.

The narrowing of the microemulsion region is observed
with the growth of DEHPA concentration in the organic
phase from 0.1 to 0.5 mol/L. Based on the change of
conductivity and viscosity of the microemulsions, we
suppose the effect of volume-induced percolation of con-
ductivity at volume fraction of water @ = 0.18 (W = 8);
the transition from reverse microemulsion with isolated
droplets to reverse percolate microemulsion takes place.
The increase of DEHPA concentration in the organic phase
from 0.1 to 0.4 mol/L leads to the reduction of electrical
conductivity of the microemulsions, and does not affect
the percolation threshold. Hydrodynamic diameter of
droplets of microemulsion in the system DEHPNa-
DEHPA-kerosene—water increases linearly with W =
Cr,0/Cnapenp growth. The rise of DEHPA concentration
in the organic phase from 0.1 to 0.3 mol/l leads to the
increase of the hydrodynamic diameter of the droplets, and
causes the growth of the coefficient at W from 0.038 to
0.249, i.e., it increases the slope of the lines.

The opposite effect takes place in a DEHPA con-
centration range of 0.0 to 0.1 mol/L (in the organic
phase). In this case, the presence of DEHPA leads to the
expansion the region of existence of the microemulsion,
does not affect the conductivity and decreases the slope
of the lines d(W).
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The dual effect of DEHPA on NaDEHP microemulsion
is explained by a combination of two actions. At low
values of DEHPA concentration, the effect of co-surfactant
predominates. DEHPA molecules are localized at the
interface and take part in the stabilization of the micro-
emulsion droplets. With increasing of DEHPA concentra-
tion, the destabilizing effect becomes predominant.
DEHPA molecules can decrease the screening effect of
Na™ counterions on the electrostatic repulsions of polar
headgroups of the surfactant, and DEHPA can increase the
solubility of NaDEHP in the organic phase of the micro-
emulsion and reduce the number of NaDEHP molecules at
the interface.

The rate of copper leaching into the microemulsion
increases considerably with the rise of DEHPA concen-
tration. The quantity of metal recovered in the micro-
emulsion also increases with the extractant concentration
growth. No dual effect of DEHPA on copper recovery is
observed. We can recommend the following composition
of the microemulsion for non-ferrous metals leaching:
CNaDEHP =1.6 mol/L, CDEHPA = 0.3 mol/L (1n the
organic phase); W = 8-32.
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