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Abstract

In this work, the individual and combined effects of the extractant, surfactant
and modifier concentrations on the droplet coalescence time of the primary
emulsion in the liquid surfactant membrane extraction process were eva-
luated, through emulsification experiments. Adogen 464 was used as extrac-
tant (carrier), and Escaid 110, as diluent. Two systems were studied. The first
one composed by the extractant, the surfactant and the diluent, and the
second one composed by the same reagents, but with the addition of
1-decanol as modifier. It was observed that, when the modifier is not present
in the membrane phase, the surfactant not only stabilizes the primary emul-
sion, but, apparently, it also plays a role similar to that of the alcohol, pro-
moting the solvation of the amine in a low polarity diluent. Furthermore, the
extractant, a quaternary amine, helps to stabilize the primary emulsion in
systems without a modifier. For membrane phases consisting of 1 or 5% w/w
of Adogen 464 and 2% or 5% w/w of ECA 4360, a concentration of 3% w/w of
1-decanol was sufficient to promote the solvation of Adogen 464 in Escaid
110 and to obtain a low droplet coalescence time.
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1. Introduction

Separation by liquid surfactant membranes (LSM) has attracted considerable in-
terest since its development by N. N. Li [1] due to its great potential application
in industrial separation processes. LSM are an effective method for the selective
separation and concentration of various species from different solutions, even in
high dilution conditions. LSM are applied in metallic ions extraction, as copper
[2] and gadolinium [3], nuclear materials like uranium [4], weak acids as citric
acid [5], and in the treatment of liquid effluents, as in the removal of phenol [6].

The formation of these membranes is based on the theory of multiple emul-
sions. There are two possible phase configurations for the LSM system:
aqueous/organic/aqueous (W/O/W) or organic/aqueous/organic (O/W/O). Inde-
pendently of the configuration, the three phases are: receiving or internal or in-
ner phase (IP), which receives the solute extracted from the external phase;
membrane phase (MP), which is responsible for the selective permeation of the
solute from the feed phase to the inner phase, and donor or outer phase, also
called feed or external phase (EP), which contains the desired solute.

The LSM process basically consists of four steps: emulsification, permeation,
settling, and deemulsification [7] [8] [9].

In the emulsification step, the primary emulsion is formed by the dispersion
of the IP in the continuous MP, under intense stirring. In the permeation step,
the primary emulsion is dispersed in the EP under mild stirring, forming a mul-
tiple emulsion. In this step, the solute is extracted from the EP to the MP and
stripped to the IP as well. In the next step, the solute-enriched primary emulsion
is separated from the exhausted EP by settling. Finally, in the deemulsification
step, the primary emulsion is broken up, resulting in the separation of the IP
enriched with the solute of interest from the MP.

In emulsion separation processes, such as the LSM, knowing the formation,
stability, and break-up phenomena is extremely important. The conditions to
obtain an emulsion depend on the facility of dispersing one liquid in the other.
As the interfacial tension between two immiscible liquids is always larger than
zero, the formation of emulsions greatly increases the surface area between the
liquids, resulting in a corresponding increase in the system free interfacial ener-
gy. The emulsion obtained is therefore thermodynamically unstable and the dis-
persed droplets tend to coalesce to reduce their free energy. To increase the sta-
bility of the LSM system, a tensoactive agent, called a surfactant or emulsifier, is
added to the MP to reduce the interfacial tension between the liquids and the
dispersed phase coalescence rate through the formation of a steric barrier
around them [10] [11]. Thus, the MP is composed by the surfactant and by the
solvent responsible for the extraction of the solute.

In the present work, polyamine ECA 4360 was used as a tensoactive reagent
and the solvent was composed of quaternary amine Adogen 464 (methyltrialky-
lammonium chloride) solvated in an aliphatic diluent (a kerosene), Escaid 110. As

quaternary amines are generally little soluble in aliphatic diluents [12], the im-
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provement of the extractant solvation in Escaid 110 by the addition of a long
chain alcohol to the solvent (1-decanol) was evaluated. This was the chosen sys-
tem because it will be used in a further study for the phenylalanine extraction by
liquid surfactant membranes.

The main goal of the present work was to evaluate, through emulsification
experiments, the individual and combined effects of the extractant, surfactant
and modifier concentrations in the liquid surfactant membrane extraction proc-
ess. The droplet coalescence time of the primary emulsion was used as a re-

sponse variable.

2. Experimental
2.1. Materials

All reagents were used without further purification. For the preparation of the IP
solutions, analytical grade potassium chloride (Labsynth) and lithium carbonate
(QM Quimica Moderna) salts were used. Adogen 464 (Sherex), a methyltrialky-
lammonium chloride was used as extractant; polyamine ECA 4360 (Exxon),
density 0.9213 g/mL, viscosity 97 ¢St at 100°C, mass fraction 2.13% nitrogen, as
surfactant; Escaid 110 (Exxon), a mixture of hydrogenated aliphatic hydrocar-
bons with density between 0.786 g-mL™" and 0.815 g-mL™" at 20°C to 24°C and
viscosity of (1.4 to 2.0) x 10° m*s™" at 37.8°C, as diluents; and 1-decanol
(Merck-Schuchardt), as modifier. The emulsions were prepared in a homoge-
nizer and broken up in an electrostatic coalescer, at 5 kHz, 1.7 kV, and current
lower than 1 mA [13].

2.2. Experimental Procedure

The discontinuous emulsification tests were conducted, considering the system
composition defined for the separation of phenylalanine from synthetic solu-
tions in a further study. The MP was prepared using Adogen 464, ECA 4360, and
Escaid 110 in the concentrations presented in Table 1. In another set of experi-
ments, 1-decanol was used as a modifier. The IP was a KCl solution (2 mol-L™)
containing Li,CO, with pH adjusted to 9.5.

The primary emulsions were prepared by slowly pouring the IP into an emul-
sification vessel containing the MP, under stirring. The mixture was stirred at
13,000 min™', for 5 min. The time was measured from the start of the addition of
the IP. Afterwards, the primary emulsion was taken to the electrostatic coalescer
for break-up and the coalescence times of the phases were recorded (Figure 1).

The investigated and the fixed parameters, as well as the operating levels car-
ried out, are presented in Table 1. The tests were conducted using the
one-factor-at-a-time approach. To evaluate the individual and combined effects
of the extractant, surfactant, and modifier concentrations in the emulsification
step, the coalescence time of the IP droplets was measured. It is important to
point that the primary emulsions should be sufficiently stable during the extraction

process by liquid surfactant membranes, but they should present low droplet
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Table 1. Emulsification experiments conditions.

Investigated Parameters Levels
Extractant mass fraction (%) 2.0,3.0,5.0,7.0
Surfactant mass fraction (%) 0.5, 1.0, 3.0, 5.0

Modifier mass fraction (%) 0,3.0,5.0,7.0
Fixed Parameters Levels
Stirring speed (min™") 13,000
Stirring time (min) 5
pH of the inner phase 9.5
KCly; concentration (mol-L™) 2.0
Volume ratio (MP/IP) 3:1
Temperature ("C) 25
Membrane Phase Inner Phase
Adogen 464 KCI solution
ECA 4360 pH=9,5
Escaid 110
1-Decanol . X Stirring
Emulsification 13,000 min'!
5 min

Primary Emulsion

Electric field
Splitting 1.7kV
J J 5 kHz
Membrane Inner
Phase Phase

Figure 1. Schematic representation of the emulsification test methodology.

coalescence time in the electrostatic coalescer to facilitate the inner phase recov-

ery.
3. Results and Discussion

Figure 2 shows the variation of the coalescence time as a function of the extrac-
tant concentration for different surfactant and modifier concentrations.

In order to discuss the obtained results, it is necessary to consider the beha-
vior of a quaternary amine salt extractant (Adogen 464) in a low polarity diluent,
such as Escaid 110.

Quaternary ammonium salts have a certain degree of polarity, with the mole-
cular and ionic species coexisting. Therefore, their molecules are usually strongly
associated in low-polarity and low-solvation solvents. This characteristic leads to
the distribution of part of the extractant molecules on the O/W interface and can
act as a tensoactive agent. As a consequence, the additional improvement in the
stability of the emulsions makes the droplet coalescence more difficult and in-
creases the break-up time. This effect can be reduced by adding small quantities
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Figure 2. Influence of the extractant mass fraction on the coalescence time of the IP

droplets for different surfactant and modifier concentrations. Conditions: stirring speed =
13,000 min™}, stirring time = 5 min, MP/IP = 3/1, 25°C.

of additives which are soluble in both the extractant and the diluent, in order to
modify their mutual solubility. Substances that present a large hydrocarbon por-
tion, such as long-chain alcohols, are widely used for this purpose and act as a
modifier [12] [14]. In this work, 1-decanol was used as a modifier.

It is shown, by the curves for the system without alcohol, presented in Figure
2, that the increase in the extractant concentration results in longer coalescence
times. Adogen 464 slightly increases the MP viscosity and probably also acts as a
tensoactive agent, in synergy with surfactant ECA 4360, further increasing the
system stability, and consequently the droplet coalescence time. This behavior
highlights the importance of adding the modifier because in the extraction sys-
tems it is necessary that the extractant-solute complex leaves the interface and
migrates into the membrane phase.

By analyzing the behavior of membranes without alcohol as a function of the
surfactant concentration it is observed that the higher the concentration of ECA
4360, the shorter the coalescence time, which is a non-expected result. This ef-
fect was more pronounced up to approximately 5% w/w Adogen 464. Above
such concentration, the coalescence times became closer. These results can be
understood considering a similar effect described for alcohol in the literature
[12] [14]. Since the surfactant is an amphiphilic molecule, as it is alcohol, it may
increase the mutual solubility of the extractant and the diluent, even though it is
not used in the system with this purpose. Therefore, the surfactant would leave
the interface together with the extractant, thus decreasing the droplet coales-
cence time. However, for extractant concentrations higher than approximately
5% w/w, the surfactant concentration becomes insufficient to improve the solva-
tion of the extractant in the diluent, leading to an increased extractant concen-
tration at the interface and, as a consequence, the effect of the surfactant con-
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centration on the coalescence time becomes less pronounced. A distinct effect
was observed in the curves obtained at 1% and 5% of ECA 4360 with 5% of
1-decanol. As expected, the presence of the modifier improved the mutual solu-
bility of the extractant and the diluent. Then, the droplet coalescence time was
higher for the highest surfactant concentration because the emulsifier remained
available to stabilize the membrane.

When comparing the results of membrane phases without alcohol and with
5% of 1-decanol, it is observed a decrease in the droplet coalescence time with
the use of this reagent, because there is probably a smaller amount of extractant
at the W/O interface due to the action of alcohol.

The variation of the droplet coalescence time as a function of the surfactant
concentration for different extractant and modifier concentrations is shown in
Figure 3.

As seen before, the droplet coalescence time decreased with the increase of the
surfactant concentration in alcohol-free membranes. As previously proposed,
the decrease in the membrane stability might be associated with the amphiphilic
character of the surfactant, producing a similar, though less intense, effect than
that of the alcohol (modifier), an improvement in the mutual solubility of the
extractant and the diluent. In tests without the addition of alcohol, it was also
observed that for the same amount of surfactant, the emulsion was more stable
for the higher extractant concentrations. In this case, a higher extractant con-
centration implies a higher availability of this reagent in the W/O interface. This
effect, associated with others such as the increase in the MP viscosity and the
steric hindrance resulting from the large extractant molecule size and its high
concentration, promotes an increase in the membrane stability. The initial in-

crease of the curve for 5% of Adogen 464 and 0% of 1-decanol can be explained

50 250
=40 T L 200
g £
=] Q
Eso+ 150
= =
-] [
£ 20 ¢ 100 §
S 3
g g
= <
S0+ 50 S

0 t t t t t 0
0 1 2 3 4 5 6

ECA 4360 mass fraction (%)

02% Adogen 464; 0% 1-Decanol 02% Adogen 464; 5% 1-Decanol
A 5% Adogen 464; 5% 1-Decanol X5% Adogen 464; 0% 1-Decanol
Figure 3. Influence of the surfactant concentration on the coalescence time of the IP

droplets for different extractant and modifier concentrations. Conditions: stirring speed =
13,000 min~}, stirring time = 5 min, MP/IP = 3/1, 25°C.
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by the insufficient surfactant concentration to promote the effect previously de-
scribed observed in the absence of the alcohol. Due to the greater amount of ex-
tractant present in the membrane phase, probably, a greater amount of surfac-
tant is required to improve the solvation of the extractant in the diluent. There-
fore, up to 3% of ECA 4360, this reagent increases the membrane viscosity and
its role is to increase the primary emulsion stability.

For membranes containing 5% 1-decanol (curves for 2% and 5% of Adogen
464), the increase in the ECA 4360 concentration led to a higher coalescence
time, which was even higher when a greater proportion of extractant was used,
as previously proposed. Because of the presence of 1-decanol, the surfactant be-
came more available to stabilize the emulsion at the interface, thus increasing the
droplet coalescence time. When the amount of extractant is increased, there is
one additional interfacial active agent to help stabilize the membrane. Conse-
quently, the comparison of the curves for tests with and without alcohol for the
same concentration of extractant (2% Adogen 464 with 0% and 5% 1-decanol,
5% Adogen 464 with 0% and 5% 1-decanol) reveals a convergence for each one
of these pairs.

Figure 4 shows the variation of the coalescence time as a function of the con-
centration of the modifier for different extractant and surfactant concentrations.

The analysis of each pair of curves (1% and 5% of ECA 4360 with 5% of Ado-
gen 464 and 1% and 5% of ECA 4360 with 2% of Adogen 464) in the absence of
alcohol (first points of the curves) shows that the system with a higher surfactant
concentration presented a shorter droplet coalescence time, as seen before.
These pairs also reveal that this behavior just becomes expressive at higher con-
centrations of extractant, as observed in the 5% Adogen 464 curves. Under these

conditions, the surfactant may be acting in a way similar to the modifier, as
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O01% ECA 4360; 2% Adogen 464 01% ECA 4360; 5% Adogen 464
X5% ECA 4360; 2% Adogen 464 A 5% ECA 4360; 5% Adogen 464

Figure 4. Influence of the modifier concentration on the coalescence time of the IP drop-
lets for different surfactant and extractant concentrations. Conditions: stirring speed =
13,000 min~}, stirring time = 5 min, MP/IP = 3/1, 25°C.
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explained before. Additionally, the curves show that the membranes with 5% of
surfactant and 3% to 7% of alcohol present a higher droplet coalescence time
than the ones with only 1% of surfactant for both concentrations of extractant
investigated and for the same alcohol concentration range. As the purpose of the
alcohol is to help solvating the extractant in the diluent, in its presence, the sur-
factant plays its main role, which is to stabilize the W/O interface.

Figure 4 also indicates that for all curves, excepting the one for 5% of ECA
4360 with 2% of Adogen 464, the droplet coalescence time decreased with an in-
crease in the concentration of 1-decanol up to 3%. In the presence of the alcohol,
probably the migration of the extractant from the W/O interface to the bulk of
the membrane phase is easier. Then, the surfactant can act primarily as a ten-
soactive, stabilizing the primary emulsion. From 3% w/w of 1-decanol, the
droplet coalescence time does not vary anymore. Probably, an alcohol concen-
tration of 3% is enough to allow the adequate solvation of the extractant in the
diluent. Concerning the curve for 5% of ECA 4360 with 2% of Adogen 464, the
surfactant/extractant ratio was supposedly enough to allow the solvation of the

extractant in the diluent, even in the absence of alcohol.

4. Conclusions

The emulsification tests conducted in order to evaluate the effect of the mem-
brane phase composition on the stability of emulsions for the system studied
have shown that it is necessary to use a modifier in order to improve the extrac-
tant solvation in the diluent because of the low solubility of quaternary ammo-
nium salts in low polarity diluents. For 1-decanol, a concentration of 3% was
sufficient to solvate Adogen 464 in Escaid 110. If no further alcohol is added, the
surfactant, which has an amphiphilic character, acts as a modifier in the solva-
tion of the extractant, decreasing its concentration at the W/O interface and re-
ducing the stability of the emulsion formed. Additionally, the extractant itself
acts as an interfacial active agent and increases the emulsion stability at higher
concentrations in the MP and in the absence of the modifier. However, while the
solvation of the extractant in the diluent improves with the addition of either the
modifier or the surfactant, the emulsion stability diminishes due to the extrac-
tant removal from the interface.

Understanding the role of each component (extractant, surfactant and mod-
ifier) in the stability of the primary emulsion is very relevant for the efficient ap-
plication of the LSM technique. It is important to emphasize that the role of each
component in MP and their interactions fundamentally depend on the chosen
composition and on the concentrations used, as they affect, significantly, the in-

terfacial tension properties of the W/O interface.
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Nomenclature

EP—external phase

IP—inner phase

LSM—Iiquid surfactant membranes
MP—membrane phase

O—organic phase

W—aqueous phase
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