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ABSTRACT

This paper presents a study on the stability of emulsion liquid membrane (ELM) and mem-
brane phase reaction spectrum in NH3-H,O system. ELM was made up of kerosene, Span
80, tributyl phosphate (TBP), liquid paraffin, and ammonia (NH3-H,O). Effect of Span 80,
TBP and NH3;-H,O concentrations, stirring speed and oil phase volume fraction on the
emulsion stability were investigated by the conductivity method, respectively. Microscopic
photographic technology was used to study emulsion droplets size and distribution. The
membrane internal phase reaction was explored with Raman spectra of the primary emul-
sion and emulsion after extraction. The stable emulsion was obtained at Span 80 concentra-
tion of 5-7%, TBP concentration of 3-4%, oil phase volume fraction of 50%, and stirring
speed of 4,000-5,000 rpm. A moderate Raman peak was observed for complex [Ni (TBP),J**
at 510 cm™!, which indicates occurrence of membrane phase reaction. The reuse of oil phase
after demulsification was tested, and its extraction efficiency for Ni** almost kept constant.

Keywords: Emulsion liquid membrane; Stability; Conductivity; Raman spectrum; Membrane

phase reaction

1. Introduction

Emulsion liquid membrane (ELM) is an emerging
technique for the separation of contaminants such as
metals [1-5], weak acids/bases [6], aniline [7], and
hydrocarbons [8], due to its advantages of high sur-
face areas, fast extraction rate, and high efficiency [9].
ELM is a three-phase system consisting of internal,
membrane, and external water phases. This process
generally includes four steps: emulsion preparation,
mixing, separation, and demulsification [10].

Many applications of ELM have been reported in
recent years, especially in the aspect of treatment of
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wastewaters containing inorganic and organic pollu-
tants. Zhao et al. [11] and Chakraborty et al. [12]
reported the removal of chromium ions from aqueous
solution with ELM. Organic pollutants, such as alcohol
[13], acetaminophen [14], and phenolic compounds
[15] had been successfully extracted from aqueous
solution using this technology.

The stability and demulsification of emulsion have
significant influence on the extraction efficiency of
ELM. Chakraborty et al. [16] studied the important
variables affecting sauter mean diameter of emulsion
droplets, including injection method of emulsion, stir-
ring speed, oil phase viscosity and so on. Li et al. [17]
reported that the rapid extraction rate and good
stability of emulsion were obtained, when emulsion
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droplets are at the range of 0.3-10 pm. The emulsion
including ionic liquid [BMIM]'[NTf,]” presented a
good stability during the extraction of ionized nanosil-
ver [18]. Ahmad et al. [19] reported the extraction of
Cd** with ELM and found that Cd** reached the high-
est removal rate, when droplet diameter was the
smallest.

The objective of the present work was to investi-
gate the effect of Span 80, TBP and NH3-H,O concen-
trations, oil phase volume fraction, and stirring speed
on the emulsion stability by conductivity method,
respectively. The microscopic photographic technology
was also used to observe the emulsion droplets size
and distribution. Membrane phase reaction was
explored with Raman spectra of the primary emulsion
and emulsion after extraction of Ni**. Reuse of oil
phase after demulsification for the extraction of Ni**
was also tested.

2. Experimental
2.1. Chemicals

Sorbitan monooleate (Span 80), tributyl phosphate
(TBP), liquid paraffin, NH3-H,O, nickelous sulfate,
and kerosene (commercially available) were used in
this experiment. If no special instruction was given, all
reagents used were of analytical grade, and were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
All aqueous solutions were prepared with deionized
water.

2.2. Procedures

According to certain proportion, kerosene (mem-
brane solvent), Span 80 (surfactant agent), TBP (car-
rier), and liquid paraffin (membrane intensifier) were
added into the digital high-speed mixed emulsifying
device and the solution was stirred at a certain speed
for 5 min, and then internal phase water NH;-H,O at
10 mL/min speed was added into the solution. Then,
the mixed solution was stirred continuously at differ-
ent speeds in the range of 3,000-7,000 rpm for differ-
ent time. After standing for 5 h, the primary emulsion
was poured into external aqueous phase containing
the Ni**.

The volume ratio of the primary emulsion to the
external aqueous phase was kept at 1:3 [20]. The
mixed solution was stirred at 200 rpm speed for
15 min using six combined electric blender. Heating-
centrifugal combined demulsification was carried out
in the digital thermostatic water bath for 45 min at
90°C, and the centrifugal precipitator for 15 min at the
speed of 4,000 rpm, respectively. The obtained oil
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phase after demulsification was reused to extract the
nickel ions according to the previous procedure.

2.3. Characterization and analysis

The emulsion stability was characterized by con-
ductivity method [21] and microscopic photographic
technology [22], respectively. Conductivity of emulsion
was measured with conductivity meter (DDS-11A,
Zhejiang, China). Generally, the lower the conductivity
is, the more stable the emulsion is. Emulsion droplet
morphology was observed with color image micro-
scopy (59XC-MC, Beijing, China). After extraction and
separation, concentration of the nickel ion of external
aqueous phase was determined by measuring the
absorbance at 530 nm wavelength with vis spectropho-
tometer (721, Shanghai, China). Raman spectra of the
primary oil phase, primary emulsion, emulsion after
extraction and separation, and oil phase after demulsi-
fication were recorded with UV high temperature
Raman spectrograph (HR800, Paris, France) [23-26],
respectively. Membrane phase reaction was explored
by comparing Raman spectra of the primary emulsion
with emulsion after extraction and separation. For
comparison, Raman spectra of TBP and TBP + NiZ*
systems were also recorded.

3. Results and discussion
3.1. Stability of emulsion

Effect of Span 80, TBP, and NH3-H,O concentra-
tions, oil phase volume fraction, stirring speed, and
stirring time were investigated on the emulsion stabil-
ity of NH3-H,O system.

3.1.1. Effect of Span 80 concentration on emulsion
stability

The effect of Span 80 concentration on conductivity
of NHj3-H,O system is shown in Fig. 1.

It can be seen from the results that Span 80 concen-
tration has a significant effect on conductivity of the
emulsion. When Span 80 concentration was increased
from 3 to 5%, conductivity of the emulsion decreased
gradually; when Span 80 concentration was at the
range of 5-7%, conductivity of the emulsion nearly
remained unchanged; when Span 80 concentration
was increased from 7 to 10%, the conductivity of the
emulsion increased. These results indicate that when
Span 80 concentration is at the range of 5-7%, the
emulsion is more stable, and lower (below 5%) or
higher (above 7%) concentration is not favorable for
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Fig. 1. Effect of Span 80 concentration on conductivity of
NHj-H,O system.

the emulsion stability. The reasons for the results can
be explained as follows.

As a polymeric surfactant, molecular weight of
Span 80 is high and its hydrophobic hydrocarbon
chain is long, so that the adsorption membrane layer
of oil-water interface becomes much thicker with
slightly increasing Span 80 concentration. Simultane-
ously, viscosity of the emulsion and probability of the
chain entanglement are also increased with increasing
Span 80 concentration. Increase in the viscosity will
inhibit the settlement of droplets and favor the forma-
tion of small droplets and their uniform distribution.
The interfacial membrane becomes more compact and
intensive with increasing Span 80 concentration, which
makes the emulsion become more stable.

However, if Span 80 concentration is further
increased, area of the phase interface and the surface
free energy will increase, which is unfavorable for
emulsion stability.

3.1.2. Effect of TBP concentration on emulsion stability

The effect of TBP concentration on conductivity of
NH;3-H,0O system is given in Fig. 2.

It can be seen from the results that conductivity of
the emulsion decreased, when TBP concentration
increased from 2 to 3%. At the range of 3-4%, conduc-
tivity of the emulsion was almost constant. When TBP
concentration was further increased from 4 to 8%, con-
tinuous increase in conductivity was observed. The
results show that when TBP concentration is at the
range of 3-4%, the emulsion is more stable and lower
(below 3%) or higher (above 4%) concentration is not
favorable for the emulsion stability. With increase in
TBP concentration, the viscosity of the emulsion is also
increased, which is favorable for the stability of the
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Fig. 2. Effect of TBP concentration on conductivity of
NH;-H,O system.

emulsion. On the other hand, excessive carriers not
only increase the viscosity of liquid membrane but
also compete with the surfactant for the interface
space, leading to the decrease in the interface space
occupied by Span 80. Consequently, the further
increase in TBP concentration after 4% decreases the
emulsion stability.

3.1.3. Effect of NH3-H,O concentration on emulsion
stability

The effect of NH;-H,O concentration in internal
phase on conductivity of emulsion is shown in Fig. 3.

Different from the Span 80 and TBP, NH3-H,O con-
centration has little influence on conductivity of emul-
sion. When NH3-H,O concentration was increased
from 0.5 to 1.0 mol/L, the conductivity of emulsion sig-
nificantly decreased. When NH;-H,O concentration
was at the range of 1.0-2.0 mol/L, the conductivity of
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Fig. 3. Effect of NH3-H,O concentration in internal phase
on conductivity of emulsion.
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emulsion was almost constant. When NH;-H,O concen-
tration was further increased, the conductivity of emul-
sion slightly increased. A possible reason for such
behavior may be related to the adsorption of NH; onto
membrane phase interface and hydrolysis of Span 80.
The adsorption of NH; may change the double layer
structure on the membrane phase interface and
increases the electrostatic repulsion among the droplets
and consequently facilitate stability of the emulsion.
On the other hand, hydrolysis of Span 80 occurs under
alkali conditions, which may decrease the stability of
the emulsion. When NH3-H,O concentration is at the
range of 0.5-1.0 mol/L, increase in the electrostatic
repulsion with increasing NH3-H,O concentration may
be predominant, while at the range of 2.0-3.0 mol/L,
the hydrolysis of Span 80 may play a more important
role with respect to the emulsion stability. At the range
of 1.0-2.0 mol/L, the effect of these two factors on the
stability of emulsion may be equivalent.

3.1.4. Effect of oil phase volume fraction on emulsion
stability

Effect of oil phase volume fraction on conductivity
of NH3-H,O system is given in Fig. 4.

It can be seen from the results that when oil phase
volume fraction was increased from 20 to 50%, con-
ductivity of the emulsion decreased continuously.
After that, conductivity of the emulsion increased with
increasing the oil phase volume fraction. This means
that the emulsion is the most stable at the oil phase
volume fraction of 50%.

Increase in the oil phase volume fraction makes
the membrane layer to thicken, and the emulsion
becomes more stable. However, when the oil phase
volume fraction exceeds 50%, the emulsion stability
becomes poor. Although the emulsion type (W/O or
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Fig. 4. Effect of oil phase volume fraction on conductivity
of NH3-H,O system.
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O/W) is related to the surfactant species, the two
emulsion types with different proportion may co-exist
in a liquid membrane system [27]. At a higher oil
phase volume fraction, the proportion of O/W type
may be increased and becomes the predominant one,
which is unfavorable for the emulsion stability.

3.1.5. Effect of stirring speed on emulsion stability

In the emulsion preparation stage, internal water
phase is dispersed into the membrane phase by the
stirring. In general, stirring speeds higher than
2,000 rpm are used to prepare the emulsion in the
experiment [11]. In the present work, stirring speeds
at the range of 3,000-7,000 rpm were used to prepare
the emulsion. The effect of stirring speed on conduc-
tivity of NH3-H,O system is shown in Fig. 5.

The conductivity of emulsion was higher at the
speed of 3,000 rpm, due to the fact that the size and
distribution of emulsion droplets is not uniform at
that speed [28]. When stirring speed was increased to
4,000-5,000 rpm, the conductivity of emulsion was
lower compared with that at 3,000 rpm. This is due to
the fact that small emulsion droplets of uniform of
distribution were obtained at the speed of 4,000-
5,000 rpm. That shows that the dispersibility of the
droplets is better. When stirring speed was further
increased, the conductivity was also increased. The
reason may be that too high stirring speed is easy to
make the emulsion droplets appear coalescence and
destroy the uniform distribution of the droplets.

3.1.6. Effect of stirring time on emulsion droplet size
and distribution

Appropriate stirring time is beneficial to the
uniform distribution of surfactant and carrier in mem-
brane phase, which further enhances the emulsion
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Fig. 5. Effect of stirring speed on conductivity of NH;-H,O
system.
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stability. Small emulsion droplets and their uniform
distribution result in the formation of stable emulsion.
The size and distribution of emulsion droplets are
related to stirring speed and stirring time. In order to
investigate the effect of stirring time on the size and
distribution of emulsion droplets, the morphology of
emulsion droplets at different stirring time (stirring
speed kept at 4,000 rpm) was observed by the micro-
scopic photographic technology and the results are
given in Fig. 6(a)—(h).
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It can be seen that in the test range of 5-40 min,
the stirring time had an influence on the size and dis-
tribution of the emulsion droplets. The emulsion
droplets were relatively large and their distribution
was not uniform at 5-10 min; when the stirring time
was kept at 15-25 min, emulsion droplets were small
and their distribution was relatively uniform. How-
ever, when the stirring time was further increased,
coalescence of the emulsion droplets appeared. The
reason for the effect of stirring time on the size and

Fig. 6. Effect of stirring time on emulsion droplets size and distribution of NH3-H,O system: (a) 5 min, (b) 10 min,
(c) 15 min, (d) 20 min, (e) 25 min, (f) 30 min, (g) 35 min, and (h) 40 min.
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Fig. 7. Raman spectra of TBP and TBP + Ni**: (a) TBP, (b) enlarged drawing of (a), (c) TBP + Ni**, and (d) enlarged

drawing of (c).
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Fig. 8. Raman spectra of the primary emulsion and emulsion after extraction: (a) the primary emulsion, (b) enlarged
drawing of (a), (c) emulsion after extraction, and (d) enlarged drawing of (b).
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distribution of emulsion droplets is similar to that for
the effect of stirring speed on the emulsion stability.

3.2. Raman spectra of different systems

In order to investigate the membrane phase
reaction of extract Ni*" in NH;-H,O system, Raman
spectra were determined for different systems.

3.2.1. Raman spectra of TBP and TBP + Ni**

Raman spectra of TBP and TBP + Ni** are shown
in Fig. 7(a) and (c). It can be seen that there was an
intensive absorption peak at 2,960 cm™', which was
attributed to the stretching vibration of -CHj. Peaks at
1,460 and 1,300 cm ™" in Fig. 7(a) and (c) corresponded
to bending vibration of -CH, and angular vibration of
—(CH,);, respectively. Several absorption peaks in the
region 1,100-800 cm ™' corresponded to the characteris-
tic Raman spectrum bands of C-H [29].

The enlarged drawing of Raman spectra of TBP
and TBP + Ni** between 410 and 640 cm ™" are shown
in Fig. 7(b) and (d). There was a Raman peak around
510 cm ™" (Fig. 7(d)), corresponding to the vibration of
O=P-O, which indicated the formation of complex
molecule between TBP and Ni** [30].

3.2.2. Raman spectra of the primary emulsion and
emulsion after extraction

Raman spectra of the primary emulsion and emul-
sion after extraction are also recorded and shown in
Fig. 8(a) and (c). Apart from the peaks at 1,460 and
2960 cm™!, a peak at 3,300 cm ! in Fig. 8(a) and (¢
was observed, which corresponded to the stretching
vibration of NHj. The enlarged drawing of Raman
spectra of the primary emulsion and emulsion after
extraction between 410 and 640 cm™' are shown in
Fig. 8(b) and (d). A peak at 510 cm™" for the emulsion
after extraction appeared (Fig. 8(d)). This result indi-
cates the formation of complex [Ni (TBP),]** and
occurrence of membrane phase reaction.

3.2.3. Raman spectra of the primary oil phase and oil
phase after demulsification

Raman spectra of the primary oil phase and oil
phase after demulsification for the NHj3-H,O system
are given in Fig. 9(a) and (b), respectively. Peaks at
2,900, 1,460, and 1,300 cm™ ! are all observed in
Fig. 9(a) and (b), which corresponded to the stretching
vibration of -CHj, bending vibration of -CH,, and
angular vibration of —(CH,);, respectively. Several
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Fig. 9. Raman spectra of the primary oil phase and oil
phase after demulsification: (a) the primary oil phase and
(b) oil phase after demulsification.

weak absorption peaks in the range between 800 and
1,100 cm™" belonged to the characteristic Raman spec-
trum band of C-H in two Raman spectra. Comparing
the Raman spectrum of the primary oil phase with
that of oil phase after demulsification shown in
Fig. 9(a) and (b), it can be found that there is almost
no difference in the Raman spectra for the two sys-
tems. The results show that the chemical bonds of var-
ious components in the oil phase have not been
destroyed in the physical demulsification process, and
that the oil phase after demulsification may be reused.

3.3. Reuse of oil phase

The oil phase after demulsification was reused to
prepare the emulsion according to the procedure

Table 1
The relationship between reuse times and extraction
efficiency of Ni**

Reuse times 0 1 2 3

Extraction efficiency of Ni** (%) 92 90 90 90
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mentioned above. The extraction efficiency of Ni** for
the different reuse times of the oil phase after demul-
sification is given in Table 1. It can be seen from the
results that in the test range, the reuse times has little
influence on the extraction efficiency of Ni**. After
three times of emulsification and demulsification, the
extraction efficiency is still up to 90%, which is close
to that obtained with the fresh oil phase (92%). The
high stability of the oil phase in the reused process for
the extraction of Ni** with ELM is of environmental
and economic interest.

4. Conclusions

Stability of ELM, reaction of membrane phase with
Ni** in NH3-H,O systems and reuse of oil phase were
investigated. The following conclusions can be with-
drawn from the results: The emulsion stability is
related to some factors such as Span 80, TBP concen-
trations and oil phase volume fraction. The stable
emulsion is obtained at Span 80 concentration of 5-
7%, TBP concentration of 3-4%, and oil phase volume
fraction of 50%. NH3;H,O concentration, stirring
speed, and stirring time have relatively little influence
on the emulsion stability. Based on the Raman spectra
of the primary emulsion and emulsion after extraction,
the membrane phase reaction is proved in NH;-H,O
system. The oil phase after demulsification can be
effectively reused for the extraction of Ni** with ELM.
The high stability of the oil phase in the reused pro-
cess is of environmental and economic interest.
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