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Abstract: The transport of iron(III) from aqueous solutions through pseudo-emulsion-based hollow
fiber with strip dispersion (PEHFSD) was investigated using a microporous hydrophobic hollow fiber
membrane module. The pseudo-protic ionic liquid RNH3HSO4

− dissolved in Solvesso 100 was used
as the carrier phase. This pseudo-protic ionic liquid was generated by the reaction of the primary
amine Primene JMT (RNH2) with sulphuric acid. The aqueous feed phase (3000 cm3) containing
iron(III) was passed through the tube side of the fiber, and the pseudo-emulsion phase of the carrier
phase (400 cm3) and sulphuric acid (400 cm3) were circulated through the shell side in counter-
current operational mode, using a single hollow fiber module for non-dispersive extraction and
stripping. In the operation, the stripping solution (sulphuric acid) was dispersed into the organic
membrane phase in a tank with a mixing arrangement (a four-blade impeller stirrer) designed to
provide strip dispersion. This dispersed phase was continuously circulated from the tank to the
membrane module in order to provide a constant supply of the organic solution to the fiber pores.
Different hydrodynamic and chemical parameters, such as feed (75–400 cm3/min) and pseudo-
emulsion phases (50–100 cm3/min) flows, sulphuric acid concentration in the feed and stripping
phases (0.01–0.5 M and 0.5–3 M, respectively), metal concentration (0.01–1 g/L) in the feed phase, and
PPILL concentration (0.027–0.81 M) in the carrier phase, were investigated. From the experimental
data, different diffusional parameters were estimated, concluding that the resistance due to the feed
phase was not the rate-controlling step of the overall iron(III) transport process. It was possible to
concentrate iron(III) in the strip phase using this smart PEHFSD technology.

Keywords: iron(III); pseudo-protic ionic liquid; Primene JMT; sulphuric acid; pseudo-emulsion-based
hollow fiber strip dispersion

1. Introduction

Iron(III) is an element in close relationship with Mankind, both for natural and anthro-
pogenic causes. This element widely exists in the environment and is considered essential
for humans and generally for life however, low or high iron levels in the human organism
can be the cause of different diseases. Low iron levels in the body promote anemia, whereas
high iron concentrations lead to organ damage, arthritis, liver disease, etc.; thus, high
iron(III) concentrations in water are the cause of environmental problems. The presence of
iron(III) in waters is accompanied by some characteristics such as odour, taste, and colour
(Figure 1); its presence also causes corrosion and staining effects [1–4].

Also, iron(III) is an often-found constituent in many raw materials; thus, in the pro-
duction, via Pyrometallurgical or Hydrometallurgical technologies, of other most valuable
metals, a step devoted to the removal of this non-profitable iron(III) is very often considered.
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In conclusion, extraction or removal of iron(III) from high to trace concentrations plays
an important role in many fields, i.e., waste stream treatment, determination of iron in
minerals, separation and purification of radionuclide solutions, water treatment, organic
synthesis, etc.
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It is of the utmost necessity to develop effective strategies for the detection and removal
of iron(III) in water environments. These strategies included the use of different separa-
tion technologies from precipitation to adsorption, with recent publications considering
liquid-liquid extraction using (acidic, solvation, and ionic liquid-based extractants) [5–9],
ion-exchange resins (Lewatit TP-208) [2], adsorption (carbon derivatives, zeolites, and
microgels) [10–13], and membrane [4,14] procedures.

In the case of membrane technologies, supported liquid membranes both in flat-sheet
or hollow fiber modules are gaining special consideration in the recovery of metals [15–18].
In the case of hollow fiber membrane processing, one of the more advanced developments
is the so-called pseudo-emulsion-based hollow fiber strip dispersion (PEHFSD), which is
characterised by its ability to afford high mass transfer rates of solutes and is accompanied
by high selectivity by the use of specific carriers or extractants.

Among these extractants, ionic liquids are considered one of the smartest types of
reagents to be used in the recovery of metals from different sources. These ionic liquids
have gained widespread use due to their properties [19,20]: low volatility and flamma-
bility [21,22], high refractive index and thermal stability [23,24], strong conductivity and
selectivity [25], and solvation power of both organic and inorganic compounds [26,27].
Mostly due to these properties, this type of reagent is considered a green solvents, though
their environmental greenness status is also under debate [28,29].

Moreover, ionic liquids can also be divided into some subfamilies [30]: (i) aprotic ionic
liquids and task-specific ionic liquids, both types being considered fully ionic; (ii) protic
ionic liquids, generated by the reaction of an acid and a base; and (iii) pseudo-protic ionic
liquids (PPILs), which are also generated by the reaction of an acid and a base but are
sometimes considered not fully ionic. A special case of these (iii) types of compounds is
the PPILS formed from tertiary amines [31,32], and probably for extension and reactive
similarities by primary and secondary amines [33].

The present work presented an investigation about the facilitated transport of iron(III)
using a pseudo-protic ionic liquid (RNH3

+HSO4
−), derived from the reaction of the primary

amine Primene JMT and sulphuric acid, as a mobile carrier and pseudo-emulsion-based
hollow fiber strip dispersion membrane operation. The influence of different variables,



Membranes 2023, 13, 723 3 of 14

such as hydrodynamic conditions and chemical parameters, is considered in order to yield
efficient membrane technology.

2. Materials and Methods
2.1. Materials

Amine Primene JMT (Dow Chem., Midland, MI, USA) and sulphuric acid are the
precursors of the pseudo-protic ionic liquid (PPIL) used in this work. Primene JMT is a
primary amine having highly branched alkyl chains (C16–22), in which the nitrogen atom of
the amine group is linked to a tertiary carbon atom. The amine has an average molecular
weight of 315 and a density (25 ◦C) of 0.840 g/cm3 [34].

Solvesso 100 is an aromatic (99%) diluent (Exxon Chem Iberia, Madrid, Spain). All
other reagents used in the work are of AR grade.

The hollow fiber module device used in the investigation was manufactured by
Hoechst Celanese: Liqui-Cel 8 × 28 cm 5PCG-259 contactor and 5PC5-1002 Liqui-Cel
laboratory LLE, whose specifications are summarised in Table 1.

Table 1. Specifications of the hollow fiber module.

Contactor length 28 cm
Contactor diameter 8 cm

Active area (A) 1.4 m2

Number of fibers (n) 10,000
Fiber internal diameter (di) 24·10−3 cm
Fiber outer diameter (do) 30·10−3 cm

Fiber wall thickness (dorg) 3.0·10−2 cm
Fiber length (L) 15 cm

Porosity (ε) 30%
Tortuosity (τ) 3

Pore size 3.0·10−6 cm
Polymeric material 3.0·10−6 cm

2.2. Methods
2.2.1. Liquid-Liquid Extraction Experiments (Generation of the PPIL)

To establish conditions for the generation of the pseudo-protic ionic liquid (RNH3
+HSO4

−)
used as a carrier in this work, several liquid-liquid extraction experiments were carried out
under the following conditions: equal volumes of 25 cm3 each containing 1 M sulphuric
acid and the amine dissolved in Solvesso 100 were put in thermostatically controlled (25 ◦C)
glass vessels and mechanically shaken via four bladed glass impellers. Equilibrium was
reached within a few minutes (less than 5 min). After phase disengagement, the acidic
content in the organic phase was analysed by titration in ethalonic medium with standard
NaOH solutions, using bromothimol blue as an indicator, whereas the acid content in
the corresponding equilibrated aqueous phases was analysed in the same manner. The
distribution coefficient of sulphuric acid, defined as the ratio of concentrations of the acid
in the organic phase (org) and in the aqueous phase (aq), at equilibrium, was calculated as:

DH2SO4 =
[H2SO4]org

[H2SO4]aq
(1)

2.2.2. Membrane Operation

The hollow fiber strip dispersion operation comprised a single membrane contactor,
one stirred tank containing the pseudo-emulsion phase formed by the PPIL solution (carrier
phase) and sulphuric acid solution (stripping phase), and one stirred tank containing the
iron(III)-bearing feed phase. The set-up also contained two gear pumps to provide variable
flows for both phases and flow meters.
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In the operation, the organic solution wet the porous wall of the fiber due to its
hydrophobic nature, whereas the interface was maintained at the pore by the application
of a higher pressure to the feed phase than to the pseudo-emulsion phase. This differential
pressure was set below the breakthrough pressure; in the present investigation, the pressure
applied to the feed phase was 0.2 bar higher than the corresponding pressure applied to
the pseudo-emulsion phase.

A view of the membrane operation using one contactor and in the recirculation mode
is shown in Figure 2.
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Figure 2. View of the hollow fiber module operating in the recycling mode of the phases. (1) Hollow
fiber membrane contactor, (2) feed phase tank, and (3) pseudo-emulsion phase tank. Red colour: feed
phase flow. Green colour: pseudo-emulsion phase flow.

The membrane operation was carried out by passing the iron(III)-bearing feed phase
across the tube side of the fibers and the pseudo-emulsion phase through the shell side
in counter-current mode. The tank containing the feed phase was stirred in order to
homogenise the solution, whereas the stirring of the tank containing the pseudo-emulsion
phase was needed in order to maintain the pseudo-emulsion and homogenise it. In addition,
the characteristics of the pseudo-emulsion must be such that it must have clear and fast
organic and strip-phase disengagement when mixing is stopped; thus, the pseudo-emulsion
reservoir tank acts as a mixer-settler.

In the operation, the volume of the pseudo-emulsion phase was 800 cm3 (400 cm3

each of the organic and stripping solutions), whereas the volume of the feed phase was
3000 cm3. At elapsed times, aliquots of the feed and pseudo-emulsion tanks were taken and
analysed for iron concentration in the aqueous solutions by conventional atomic absorption
spectrometry (Perkin Elmer 1100B spectrophotometer). The permeation coefficient (P) was
calculated by the next equation:

ln
[Fe]f,t
[Fe]f,0

= −A·P
V

t (2)

where A was the membrane area (1.4 m2), V was the volume (3000 cm3) of the feed phase,
and t was the elapsed time. In the above equation, [Fe]f,t and [Fe]f,0 were the iron(III)
concentrations in the feed phase at an elapsed time and time zero, respectively.
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3. Results and Discussion
3.1. Generation of the Pseudo-Protic Ionic Liquid (PPIL)

Upon reaction of the amine (RNH2) with sulphuric acid, the pseudo-protic ionic liquid
was generated according to the next reactions:

RNH2org + H2SO4aq ⇔
(
RNH+

3
)

2SO2−
4org

(3)

(
RNH+

3
)

2SO2−
4org

+ H2SO4aq ⇔ 2RNH+
3 ·HSO−4org

(4)

Thus, firstly, the amine sulphate (RNH3
+)2SO4

2− was formed (Equation (3)), and in
excess of acid, the amine bisulfate RNH3

+HSO4
− was generated (Equation (4)). The overall

reaction being:
RNH2org + H2SO4aq ⇔ RNH+

3 ·HSO−4org
(5)

To estimate the extraction equilibrium for Equation (5), experiments were carried out
mixing organic phases of the amine (0.068–0.54 M) in Solvesso 100 and 1 M sulphuric acid
solutions. The results of the acid extraction by the amine were summarised in Table 2, in
which the acid extraction into the organic phase was calculated as the acid distribution
coefficient (Equation (1)).

Table 2. Generation of the pseudo-protic ionic liquid (Equation (5)).

[Amine], M DH2SO4

0.068 0.072
0.14 0.16
0.27 0.36
0.54 1.1

Temperature: 20 ◦C. Equilibration time: 10 min. O/A ratio: 1.

In Equation (5), the acid extraction constant (Kext) was defined as:

Kext =

[
RNH+

3 ·HSO−4
]

org

[RNH2]org[H2SO4]aq
(6)

and taking into consideration Equation (1), taking log, and rearranging, the next expression
was obtained:

log DH2SO4 = log Kext + log[RNH2]org (7)

Thus, a plot of log DH2SO4 versus log [RNH2]org allowed us to estimate the stoichio-
metric coefficient (slope) and the value of log Kext (ordinate). Figure 3 showed such a
plot, and it can be seen that the slope was close to 1 (as expected from Equation (5), with
log Kext 2.22).

The results of Table 2 were numerically treated by a computer programme that min-
imised the U function, defined as:

U = Σ
(
log Dexp − log Dcal

)2 (8)

where Dexp was the experimental sulphuric acid distribution coefficient and Dcal was
the corresponding one calculated by the programme. The results from these calculations
confirmed the formation of the pseudo-protic ionic liquid (RNH3

+·HSO4
−) and the stoi-

chiometry proposed in Equation (5). The value of lo Kext (U = 0.0006) calculated by the
programme was 2.25 ± 0.26, which was close to the graphical value obtained from Figure 3.
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3.2. Hollow Fiber Membrane Experiments

The iron(III) flux (J) through the hollow fiber module was given by the next relationship:

J = P
[
[Fe]f −

(
DFe,st

DFe,f

)
[Fe]st

]
(9)

where P was the permeation coefficient, [Fe]f and [Fe]st were the iron concentrations in
the feed and in the strip solutions, DFe,f was the iron distribution coefficient between the
membrane and the feed phases, at the reaction equilibrium, at the feed phase-side interface,
and DFe,st was the iron distribution coefficient between the membrane and the strip phases,
at the reaction equilibrium, at the strip-side interface. In practise, DFe,f values were much
greater than DFe,st values, and the second term between the squares in Equation (9) can
be neglected in comparison with [Fe]f. Thus, the mass balance in the feed solution can be
expressed as:

−V
d[Fe]f

dt
= A·P·[Fe]f (10)

where V was the feed phase volume, A represented the membrane area, and t was the
elapsed time. Integration of the above resulted in Equation (2).

The operation of the hollow fiber module for the removal and concentration of iron(III)
using the overall permeation coefficient was based on three mass transfer resistances:
(i) one occurring in the solution flowing through the tube side of the fiber; (ii) a second,
corresponding to the diffusion of the iron-PPIL complex across the immobilised liquid
membrane located in the fiber pores; and (iii) the resistance due to the aqueous interface
created on the outside of the hollow fiber.

Thus,
1
P
=

1
ka

+
ri

rln

1
Pm

+
ri

ro

1
ko

(11)

where ka and ko were the mass transfer coefficients corresponding to the inner and outer
aqueous boundary layers, and rln was the hollow fiber log mean radius. The membrane
permeability (Pm) was related to the distribution coefficient by the next equation:

Pm = DFe,fkm (12)
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where km represents the membrane mass transfer coefficient. Inserting Equation (12) into
Equation (11) resulted in:

1
P
=

1
ka

+
ri

rln

1
DFe,fkm

+
ri

ro

1
ko

(13)

When the reaction was instantaneous on the stripping side, the contribution of the
outer aqueous phase can be removed from Equation (13), and the overall permeability
coefficient is expressed as:

1
P
=

1
ka

+
ri

rln

1
DFe,fkm

(14)

3.2.1. Influence of the Feed Phase Flow on Iron(III) Permeation

The influence of this variable on iron(III) permeation was first investigated by using
a feed phase containing 0.01 g/L Fe(III) and 0.1 M sulphuric acid medium and a pseudo-
emulsion phase containing 0.27 M PPIL in Solvesso 100 as organic solution and 3 M
sulphuric acid as stripping solution.

The results of this set of experiments are shown in Table 3. It can be seen that the
permeation coefficient increased with the increase in feed phase flow up to 300 cm3/min
and decreased at a higher feed phase flow. In a transport process across a liquid membrane,
two types of diffusional resistances can be considered: (i) the resistance due to the feed
phase boundary layer and (ii) the resistance associated with the membrane support. It
is often found that the magnitude of the first competes with the value of the support
resistance [35]. The experimental results shown in Table 4 indicated that at 300 cm3/min,
the feed boundary layer was at a minimum and the feed phase resistance to mass transfer
was minimised, thus, the diffusion contribution of the aqueous species to the mass transfer
phenomena can be considered constant [36].

Table 3. Overall permeation coefficients at various feed phase flows.

Feed Flow, cm3/min P, cm/min

75 2.1·10–3

150 4.1·10−3

300 6.9·10−3

400 4.7·10−3

Pseudo-emulsion phase flow: 100 cm3/min. Temperature: 20 ◦C.

Table 4. Influence of the sulphuric acid concentration in the strip solution on iron(III) permeation.

[H2SO4], M P, cm/min [Fe]st, g/L a % Rst

0.5 9.9·10−4 1.4 50
1.5 1.5·10−3 2.9 72
3 2.8·10−3 4.2 75

Feed phase flow: 300 cm3/min. Pseudo-emulsion phase flow: 100 cm3/min. Temperature: 20 ◦C. a After 105 min.

The decrease of the permeation coefficient value at flows exceeding 300 cm3/min
can be explained in terms of (i) the increase of the turbulence in the feed phase, which
forced organic solution out of the membrane pores; (ii) the lower residence time of the feed
phase in the module as a consequence of increasing the flow; and (iii) the formation of an
emulsion along the lumen side also due to the increase of the flow [37].

3.2.2. Influence of the Pseudo-Emulsion Phase Flow on Iron(III) Permeation

Using the same feed and pseudo-emulsion phases as in the previous subsection and a
feed phase flow of 300 cm3/min, a series of experiments were conducted to investigate the
influence of the pseudo-emulsion phase flow on iron(III) permeation. These experiments
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showed that in the 50–100 cm3/min flow range, the variation of these flows had a negligible
influence on the removal of iron(III) from the feed phase.

3.2.3. Influence of the Strip Solution Composition on Iron(III) Permeation

The permeation of iron(III) under different strip solutions was also investigated. In
these experiments, the feed phase contained 1 g/L Fe(III) in 0.1 M sulphuric acid medium,
whereas the pseudo-emulsion phase was contained and an organic solution of 0.14 M PPIL
in Solvesso 100 and 0.5–3 M sulphuric acid solution were used as strippants.

The values of the iron(III) permeation coefficients derived from the experimentation
are shown in Table 4. These values showed that the removal of iron(III) from the feed phase
increased (higher permeation coefficient) with the increase in sulphuric acid concentration
in the stripping solution. In addition, metal recovery in these stripping solutions increased
with the increase of in acid concentration; this result was especially noted in the case of
using 0.5 M acid versus 1.5 or 3 M sulphuric acid solutions in the strip solution.

3.2.4. Influence of the Sulphuric Acid Concentration in the Feed Phase on Iron(III) Permeation

The variation of the sulphuric acid concentration in the feed phase on iron(III) per-
meation was also investigated by using feed phases of 0.01 g/L Fe(III) and varying acid
concentrations and pseudo-emulsion phases containing 0.14 M PPIL in Solvesso 100 and
3 M sulphuric acid.

These results were presented in Figure 4, plotting ln ([Fe]f,t/[Fe]f,0) versus time at the
various acid concentrations in the feed phase. It was concluded that the variation of the
acid concentration in the feed phase had a key influence on the removal of iron(III) from
this phase since the permeation coefficient value decreased from 1.8·10−2 cm/min using
feed phases containing 10−2 M acid to 3.0·10−3 cm/min when the feed phase contained
0.5 M sulphuric acid.
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3.2.5. Influence of the Initial Iron(III) Concentration in the Feed Phase on Metal Extraction

Using a pseudo-emulsion phase of 0.14 M PPIL in Solvesso 100 and 3 M sulphuric acid
as a stripping solution, the variation of the initial metal concentration in the feed phase on
the iron(III) permeation coefficient was investigated. In these experiments, the feed phase
contained 0.01–1 g/L Fe(III) in 0.1 M sulphuric acid medium, and flows of 300 cm3/min
and 100 cm3/min were used in the feed and pseudo-emulsion phases, respectively.
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The results of these experiments (Figure 5) indicated that the increase of the metal
concentration in the feed phase decreased iron(III) permeation. These results can be
explained in terms of the fact that as the iron(III) concentration in the feed phase increased,
the organic phase immobilised in the fiber pores became saturated with the iron-PPIL
complex. Further, this complex diffused at a slow rate into the bulk of the organic solution,
which resulted in a decrease in the mass transfer in the organic solution. However, this
slow transfer can be remedied either by increasing the membrane surface or running the
transport operation for longer periods of time.
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The initial metal flux (J) can be defined by the relationship:

J = P·[Fe]f,0 (15)

Table 5 shows the flux values corresponding to the various initial iron(III) concentra-
tions used in this work.

Table 5. Variation of iron(III) permeation coefficient and initial flux at various initial metal concentra-
tions in the feed phase.

[Fe]f,0, g/L P, cm/min J, mol/cm2·min [Fe]st, g/L a % Rst

0.01 9.6·10−3 1.7·10−9 0.06 84
0.1 7.5·10−3 1.3·10−8 0.45 80
1 2.8·10−3 5.0·10−8 4.2 75

Experimental conditions as in Figure 5. a After 105 min.

These results showed that, as somewhat expected from Equation (15), the iron flux
increased with the increase in the initial metal concentration in the feed phase [38].

3.2.6. Influence of the Carrier Concentration on Iron(III) Permeation

It was obvious that the presence of the carrier in the pseudo-emulsion phase was
another key factor in achieving good metal permeation across the hollow fiber membrane
and, thus, a convenient removal of this undesirable solute in a given feed phase. To
investigate the effect of varying the pseudo-protic ionic liquid (carrier) concentration in the
organic phase on iron(III) permeation, experiments were conducted using feed phases of
0.01 g/L Fe(III) in 0.1 M sulphuric acid medium and pseudo-emulsion phases of various
carrier concentrations in Solvesso 100 and 3 M sulphuric acid concentrations.
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The results derived from these series of experiments were shown in Figure 6, which
showed that the removal of iron(III) from the feed phase increased with the increase of the
carrier concentration from 0.027 M to 0.27 M; these results indicated that in this range of
concentrations, iron(III) transport was governed by membrane diffusion, though in the
maximum transport or permeability region, diffusion in the membrane fibers was negligible
and the transport rate was therefore limited by diffusion through the boundary film of the
aqueous solution on the feed side of the fibers. However, at carrier concentrations higher
than 0.27 M, iron(III) permeation decreased, probably as a consequence of an increase in
the organic phase viscosity due to the increase in the carrier concentration in the organic
solution, which resulted in a decrease in iron(III) transport across the fiber pores [39].
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Figure 6. Variation with time of ln([Fe]f,t/[Fe]f,0) at various PPIL concentrations. Feed phase flow:
300 cm3/min. Pseudo-emulsion flow: 100 cm3/min. Temperature: 20 ◦C.

Table 6 showed the permeation coefficient values at these various PPIL concentrations.
This table also showed the percentage of iron(III) recovered in the stripping solution. It can
be seen that the percentage of iron(III) recovered in the strip solution was in excess of 80%.

Table 6. Iron(III) permeation coefficients at various carrier concentrations in the organic solution.

[PPIL], M P, cm/min a % Rst

0.027 6.6·10−3 80
0.068 8.1·10−3 82
0.14 9.6·10−3 84
0.27 1.8·10−2 84
0.54 1.3·10−2 85
0.81 1.1·10−2 83

Experimental conditions as in Figure 6. Temperature: 20 ◦C. a After 105 min.

3.2.7. Estimation of Diffusional Parameters

It can be assumed that the PPIL concentration in the membrane module was constant;
under this assumption, the apparent diffusion coefficient for iron(III) can be calculated by
the next expression [40]:

Da
0 =

J·dorg[
PPILorg

] (16)
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being J the metal flux (Table 4), dorg the fiber thickness (Table 1), and using a PPIL concen-
tration of 0.27 M (concentration at which maximum iron(III) permeation was obtained), the
value of this apparent diffusion coefficient was calculated as 1.9·10−8 cm2/min.

An estimation of the membrane mass transfer coefficient (km) can be performed using
the next relationship [41]:

km =
Dorg·ε

τ
[

do−di
2

] (17)

In the above expression, Dorg was the diffusion coefficient of the metal-carrier species
in the fibers, with an average value of 6·10−5 cm2/min [42], ε was the fiber porosity, τ was
the fiber tortuosity, and do and di were the values of the outer and inner fiber diameters,
respectively (values of ε, τ, do, and di were given in Table 1). In the present investigation,
the value of km was estimated at 3.3·10−5 cm/min.

The membrane mass transfer coefficient did not depend on the hydrodynamic con-
ditions applied to a system; it was only related to the fiber properties and the diffusion
coefficients of the extracted complex in the organic solution filling the fiber pores.

The effective diffusion coefficient (Deff) of iron(III)-PPIL complex across the organic
membrane phase was also determined. This diffusion coefficient for the solute in the
immobilised organic liquid membrane was calculated as [43,44]:

Deff = km·dorg·τ (18)

where dorg is the hollow fiber thickness (Table 1). Thus, the value of Deff for the present
system was calculated to be near 2.0·10−3 cm2/min.

It was previously mentioned (Section 3.2.) that the distribution coefficient in the
feed phase (DFe,f) was normally much greater than the distribution coefficient in the
stripping solution (DFe,st), and it was also often considered that the stripping reaction was
instantaneous; thus, the mass transfer resistance for the strip solution was negligible if
compared with the overall mass transfer resistance. The individual feed mass transfer
coefficient (ka) was dependent on the mean flow velocity of the feed phase (ua) [45]:

ka = 1.5
Daq

di

(
d2

i ·ua

Daq·L

)1/3

(19)

where Daq was the diffusion coefficient or iron species in the feed phase (averaging
6·10−4 cm2/min [46]), di the inner diameter of the fibers, and L was the fiber length
(Table 1). Thus, at 300 cm3/min, the value of ka can be calculated as 6.1·10−2 cm/min.

Equations (13) and (14) showed that the overall resistance was the sum of the values of
the individual resistances, and the results shown in Table 6 indicated the overall resistance
values were in the 55–155 min/cm range, whereas the value of the resistance due to the
feed phase (Ra = 1/ka) was 16 min/cm. The fractional resistance due to the feed phase
(Ra

0) to the overall process (R) can be calculated as:

R0
a =

Ra

R
·100 (20)

Under the present experimental conditions, the value of Ra0 was 17%, this value clearly
indicated that this step was not rate-controlling the overall iron(III) transport process.

4. Conclusions

Hollow fiber membrane, in the strip dispersion operational form, investigations were
carried out in a single membrane module for simultaneous extraction and stripping in
counter-current mode. From the results derived from this investigation, it can be concluded
that the experimental conditions: (i) using a pseudo-emulsion phase consisting of a mixture
of 0.27 M RNH3

+HSO4
− (pseudo-protic ionic liquid derived from the reaction of the
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primary amine Primene JMT and sulphuric acid) in Solvesso 100 and 3 M sulphuric acid,
and maintaining flows of 300 cm3/min and 100 cm3/min for feed and pseudo-emulsion
phases, respectively, were suitable for the efficient removal and concentration of iron(III)
under optimum conditions.

From the experimental data, several diffusional parameters were calculated, and it was
shown that iron(III) transport rate was mostly controlled by membrane diffusion. Under
proper operation, the stability of PEHFSD was found to be good. This type of membrane
operation presented a promising alternative to conventional separation methodologies and
should increase its interest for the potential removal of iron(III) (and other undesirable
solutes) as well as the recovery of valuable metals from liquid effluents, especially when
the concentrations of these solutes are low.

Author Contributions: Conceptualization, F.J.A.; methodology, F.J.A.; investigation, F.J.A. and J.I.R.;
resources, J.I.R.; data curation, F.J.A. and J.I.R.; writing-original draft preparation, F.J.A.; writing—
review and editing, F.J.A. and J.I.R.; visualisation, F.J.A. and J.I.R.; supervision, F.J.A. and J.I.R. All
authors have read and agreed to the published version of the manuscript.

Funding: This investigation is performed under CSIC-Project 202250E019.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank CSIC (Spain) for support. In addition, the
authors thank Martin Ian Maher for checking the English language.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Atchudan, R.; Edison, T.N.J.I.; Perumal, S.; Vinodh, R.; Sundramoorthy, A.K.; Babu, R.S.; Lee, Y.R. Leftover kiwi fruit peel-derived

carbon dots as a highly selective fluorescent sensor for detection of ferric ion. Chemosensors 2021, 9, 166. [CrossRef]
2. Alguacil, F.J. The removal of toxic metals from liquid effluents by ion exchange resins. Part XVI: Iron(III)/H+/Lewatit TP208.

Rev. Metal. 2021, 57, e203. [CrossRef]
3. Li, C.; Marin, L.; Chen, X. Chitosan based macromolecular probes for the selective detection and removal of Fe3+ ion. Int. J.

Biol. Macromol. 2021, 186, 303–313. [CrossRef] [PubMed]
4. Samavati, Z.; Samavati, A.; Goh, P.S.; Fauzi Ismail, A.; Sohaimi Abdullah, M. A comprehensive review of recent advances in

nanofiltration membranes for heavy metal removal from wastewater. Chem. Eng. Res. Des. 2023, 189, 530–571. [CrossRef]
5. Kasikov, A.; Sokolov, A.; Shchelokova, E. Extraction of iron(III) from nickel chloride solutions by mixtures of aliphatic alcohols

and ketones. Solvent Extr. Ion Exch. 2022, 40, 251–268. [CrossRef]
6. Chukreev, C.G.; Dorozhko, V.A.; Afonin, M.A. Mathematical model of FeCl3 and HCl extraction in the FeCl3–HCl–H2O–undecan-

1-ol system. Russian J. Gen. Chem. 2022, 92, 108–116. [CrossRef]
7. Pavón, S.; Haneklaus, N.; Meerbach, K.; Bertau, M. Iron(III) removal and rare earth element recovery from a synthetic wet

phosphoric acid solution using solvent extraction. Min. Eng. 2022, 182, 107569. [CrossRef]
8. Wen, J.; Lee, M.S. Options to recover high-purity MnO2 from leach liquors of manganese dust containing Mn3O4 and iron and

zinc oxide as minor impurities. Hydrometallurgy 2023, 218, 106056. [CrossRef]
9. Cubova, K.; Semelova, M.; Nemec, M.; Benes, V. Liquid-liquid extraction of ferric ions into the ionic liquids. Minerals 2022, 12, 11.

[CrossRef]
10. Wang, H.; Huang, C.; Ma, S.; Guo, S.; Gong, B.; Ou, J. Fabrication of bifunctional macroporous adsorption resin via grafting

carbon dot and application in the detection and adsorption of iron (III) ion. Mater. Today Comm. 2023, 34, 105220. [CrossRef]
11. Arif, M. Extraction of iron (III) ions by core-shell microgel for in situ formation of iron nanoparticles to reduce harmful pollutants

from water. J. Environ. Chem. Eng. 2023, 11, 109270. [CrossRef]
12. Aljabarin, N. Chemical adsorption of iron ions from drinking water using Jordanian zeolitic tuff. Desalin. Water Treat. 2023, 281,

196–203. [CrossRef]
13. Brishti, R.S.; Kundu, R.; Habib, M.A.; Ara, M.H. Adsorption of iron(III) from aqueous solution onto activated carbon of a natural

source: Bombax ceiba fruit shell. Res. Chem. 2023, 5, 100727. [CrossRef]
14. Zhao, Y.; Lai, G.S.; Li, C.; Wang, R. Acid-resistant polyamine hollow fiber nanofiltration membrane for selective separation of

heavy metals and phosphorus. Chem. Eng. J. 2023, 453, 139825. [CrossRef]
15. Cheng, Z.; Zhang, Y.; Chen, K.; Xiao, K.; Yin, Y. Preparation and properties of phosphinic acid–functionalized polyacrylonitrile

hollow fiber membrane for heavy metal adsorption. Environ. Sci. Poll. Res. 2023, 30, 31408–31420. [CrossRef]

https://doi.org/10.3390/chemosensors9070166
https://doi.org/10.3989/revmetalm.203
https://doi.org/10.1016/j.ijbiomac.2021.07.044
https://www.ncbi.nlm.nih.gov/pubmed/34256071
https://doi.org/10.1016/j.cherd.2022.11.042
https://doi.org/10.1080/07366299.2021.1911036
https://doi.org/10.1134/S1070363222010157
https://doi.org/10.1016/j.mineng.2022.107569
https://doi.org/10.1016/j.hydromet.2023.106056
https://doi.org/10.3390/min12010011
https://doi.org/10.1016/j.mtcomm.2022.105220
https://doi.org/10.1016/j.jece.2023.109270
https://doi.org/10.5004/dwt.2023.29133
https://doi.org/10.1016/j.rechem.2022.100727
https://doi.org/10.1016/j.cej.2022.139825
https://doi.org/10.1007/s11356-022-24201-3


Membranes 2023, 13, 723 13 of 14

16. Arguillarena, A.; Margallo, M.; Arruti-Fernández, A.; Pinedo, J.; Gómez, P.; Ortiz, I.; Urtiaga, A. Circular economy in hot-dip
galvanizing with zinc and iron recovery from spent pickling acids. RSC Adv. 2023, 13, 6481–6489. [CrossRef] [PubMed]

17. Suren, S.; Punyain, W.; Maneeintr, K.; Nootong, K.; Pancharoen, U. The simultaneous elimination of arsenic and mercury ions
via hollow fiber supported liquid membrane and their reaction mechanisms: Experimental and modeling based on DFT and
generating function. Arabian J. Chem. 2023, 16, 104501. [CrossRef]

18. Traiwongsa, N.; Suren, S.; Pancharoen, U.; Nootong, K.; Maneeintr, K.; Punyain, W.; Lothongkum, A.W. Mechanisms of mercury
ions separation by non-toxic organic liquid membrane via DFT, thermodynamics, kinetics and mass transfer model. J. Ind.
Eng. Chem. 2023, 117, 522–537. [CrossRef]

19. Gu, J.; Zang, H.; Yao, S.; Wang, X.; Zhu, M.; Song, H. Study on degradation of benzothiazolium-based ionic liquids by UV-H2O2.
Appl. Sci. 2020, 10, 894. [CrossRef]

20. Singh, S.K.; Savoy, A.W. Ionic liquids synthesis and applications: An overview. J. Mol. Liq. 2020, 297, 112038. [CrossRef]
21. Ahrenberg, M.; Beck, M.; Neise, C.; Keßler, O.; Kragl, U.; Verevkin, S.P.; Schick, C. Vapor pressure of ionic liquids at low

temperatures from AC-chip-calorimetry. Phys. Chem. Chem. Phys. 2016, 18, 21381–21390. [CrossRef] [PubMed]
22. Wu, H.B.; Zhang, B.; Liu, S.-H.; Chen, C.-C. Flammability estimation of 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-

imide. J. Loss Prev. Process Ind. 2020, 66, 104196. [CrossRef]
23. Chiappe, C.; Margari, P.; Mezzetta, A.; Pomelli, C.S.; Koutsoumpos, S.; Papamichael, M.; Giannios, P.; Moutzouris, K. Temperature

effects on the viscosity and the wavelength-dependent refractive index of imidazolium-based ionic liquids with a phosphorus
containing anion. Phys. Chem. Chem. Phys. 2017, 19, 8201–8209. [CrossRef] [PubMed]

24. Mezzetta, A.; Perillo, V.; Guazzelli, L.; Chiappe, C. Thermal behavior analysis as a valuable tool for comparing ionic liquids of
different classes. J. Therm. Anal. Calor. 2019, 38, 3335–3345. [CrossRef]

25. Zhang, Q.; Cai, S.; Zhang, W.; Lan, Y.; Zhang, X. Density, viscosity, conductivity, refractive index and interaction study of binary
mixtures of the ionic liquid 1–ethyl–3–methylimidazolium acetate with methyldiethanolamine. J. Mol. Liq. 2017, 233, 471–478.
[CrossRef]

26. Becherini, S.; Mezzetta, A.; Chiappe, C.; Guazzelli, L. Levulinate amidinium protic ionic liquids (PILs) as suitable media for the
dissolution and levulination of cellulose. New J. Chem. 2019, 43, 4554–4561. [CrossRef]

27. Karmakar, A.; Mukundan, R.; Yang, P.; Batista, E.R. Solubility model of metal complex in ionic liquids from first principle
calculation. RSC Adv. 2019, 9, 18506–18526. [CrossRef]

28. Bystrzanowska, M.; Pena-Pereira, F.; Marcinkowski, L.; Tobiszewski, L. How green are ionic liquids?—A multicriteria decision
analysis approach. Ecotox. Environ. Safety 2019, 174, 455–458. [CrossRef]

29. Marcionilio, S.M.L.O.; Araújo, D.M.; Nascimento, T.V.; Martínez-Huitle, C.A.; Linares, J.L. Evaluation of the toxicity reduction
of an ionic liquid solution electrochemically treated using BDD films with different sp3/sp2 ratios. Electrochem. Comm. 2020,
118, 106792. [CrossRef]

30. Castillo-Ramírez, C.; Janssen, C.H.C. Pseudo-protic ionic liquids for the extraction of metals relevant for urban mining. Ind. Eng.
Chem. Res. 2023, 62, 627–636. [CrossRef]

31. Kobrak, M.N.; Yager, K.G. X-Ray scattering and physicochemical studies of trialkylamine/carboxylic acid mixtures: Nanoscale
structure in pseudoprotic ionic liquids and related solutions. Phys. Chem. Chem. Phys. 2018, 20, 18639–18646. [CrossRef] [PubMed]

32. Patsos, N.; Lewis, K.; Picchioni, F.; Kobrak, M.N. Extraction of acids and bases from aqueous phase to a pseudoprotic ionic liquid.
Molecules 2019, 24, 894. [CrossRef] [PubMed]

33. Alguacil, F.J.; Robla, J.I. On the use of pseudo-protic ionic liquids to extract gold(III) from HCl solutions. Int. J. Mol. Sci. 2023,
24, 6305. [CrossRef] [PubMed]

34. Wing, Q.; Shi, Y.; Yang, D.; Ning, P. Extraction of phenol from water with primary amine Primene JMT. Emerg. Contam. 2022, 8,
90–96. [CrossRef]

35. Bohrer, M.P. Diffusional boundary layer resistance for membrane transport. Ind. Eng. Chem. Fundam. 1983, 22, 72–78. [CrossRef]
36. Alguacil, F.J.; Martinez, S. Permeation of iron(III) by an immobilised liquid membrane using Cyanex 923 as mobile carrier.

J. Membr. Sci. 2000, 176, 249–255. [CrossRef]
37. Neplenbroek, A.M.; Bargeman, D.; Smolders, C.A. Mechanism of supported liquid membrane degradation: Emulsion formation.

J. Membr. Sci. 1992, 67, 133–148. [CrossRef]
38. Shukla, J.P.; Misra, S.K. Carrier-mediated transport of uranyl ions across tributyl phosphate—Dodecane liquid membranes.

J. Membr. Sci. 1991, 64, 93–102. [CrossRef]
39. Gupta, S.K.; Rathore, N.S.; Sonawane, J.V.; Pabby, A.K.; Janardan, P.; Changrani, R.D.; Dey, P.K. Dispersion-free solvent extraction

of U(VI) in macro amount from nitric acid solutions using hollow fiber contactor. J. Membr. Sci. 2007, 300, 131–136. [CrossRef]
40. El Aamrani, F.Z.; Kumar, A.; Sastre, A.M. Kinetic modelling of the active transport of copper(II) across a liquid membrane using

thiourea derivatives immobilized on microporous hydrophobic supports. New J. Chem. 1999, 23, 517–523. [CrossRef]
41. Prasad, R.; Kiani, A.; Bhave, R.R.; Sirhar, K.K. Further studies on solvent extraction with immobilized interfaces in a microporous

hydrophobic membrane. J. Membr. Sci. 1986, 26, 79–97. [CrossRef]
42. Kumar, A.; Haddad, R.; Alguacil, F.J.; Sastre, A.M. Comparative performance of non-dispersive solvent extraction using a single

module and the integrated membrane process with two hollow fiber contactors. J. Membr. Sci. 2005, 248, 1–14. [CrossRef]
43. Urtiaga, A.M.; Ortiz, M.I.; Salazar, E.; Irabien, J.A. Supported liquid membrane for the separation-concentration of phenol. I.

Viablility and mass-transfer evaluation. Ind. Eng. Che. Res. 1992, 31, 877–886. [CrossRef]

https://doi.org/10.1039/D2RA08195D
https://www.ncbi.nlm.nih.gov/pubmed/36845587
https://doi.org/10.1016/j.arabjc.2022.104501
https://doi.org/10.1016/j.jiec.2022.10.041
https://doi.org/10.3390/app10030894
https://doi.org/10.1016/j.molliq.2019.112038
https://doi.org/10.1039/C6CP01948J
https://www.ncbi.nlm.nih.gov/pubmed/27425628
https://doi.org/10.1016/j.jlp.2020.104196
https://doi.org/10.1039/C6CP08910K
https://www.ncbi.nlm.nih.gov/pubmed/28263333
https://doi.org/10.1007/s10973-019-08951-w
https://doi.org/10.1016/j.molliq.2017.03.036
https://doi.org/10.1039/C9NJ00191C
https://doi.org/10.1039/C9RA04042K
https://doi.org/10.1016/j.ecoenv.2019.03.014
https://doi.org/10.1016/j.elecom.2020.106792
https://doi.org/10.1021/acs.iecr.2c03159
https://doi.org/10.1039/C8CP02854K
https://www.ncbi.nlm.nih.gov/pubmed/29955736
https://doi.org/10.3390/molecules24050894
https://www.ncbi.nlm.nih.gov/pubmed/30836603
https://doi.org/10.3390/ijms24076305
https://www.ncbi.nlm.nih.gov/pubmed/37047277
https://doi.org/10.1016/j.emcon.2021.10.002
https://doi.org/10.1021/i100009a012
https://doi.org/10.1016/S0376-7388(00)00442-7
https://doi.org/10.1016/0376-7388(92)80021-B
https://doi.org/10.1016/0376-7388(91)80080-P
https://doi.org/10.1016/j.memsci.2007.05.018
https://doi.org/10.1039/a901203f
https://doi.org/10.1016/S0376-7388(00)80114-3
https://doi.org/10.1016/j.memsci.2004.09.003
https://doi.org/10.1021/ie00003a033


Membranes 2023, 13, 723 14 of 14

44. Kumar, A.; Haddad, R.; Benzal, G.; Sastre, A.M. Use of modified membrane carrier system for recovery of gold cyanide from
alkaline cyanide media using hollow fiber supported liquid membranes: Feasibility studies and mass transfer modelling.
J. Membr. Sci. 2000, 174, 17–30. [CrossRef]

45. Kumar Pabby, A.; Haddad, R.; Alguacil, F.J.; Sastre, A.M. Improved kinetics-based gold cyanide extraction with mixture of LIX
79 + TOPO utilizing hollow fiber membrane contactors. Chem. Eng. J. 2004, 100, 11–22. [CrossRef]

46. Alguacil, F.J.; Alonso, M.; Lopez, F.; Lopez-Delgado, A. Uphill permeation of Cr(VI) using Hostarex A327 as ionophore by
membrane-solvent extraction processing. Chemosphere 2008, 72, 684–689. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0376-7388(00)00344-6
https://doi.org/10.1016/j.cej.2003.11.014
https://doi.org/10.1016/j.chemosphere.2008.02.030

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Liquid-Liquid Extraction Experiments (Generation of the PPIL) 
	Membrane Operation 


	Results and Discussion 
	Generation of the Pseudo-Protic Ionic Liquid (PPIL) 
	Hollow Fiber Membrane Experiments 
	Influence of the Feed Phase Flow on Iron(III) Permeation 
	Influence of the Pseudo-Emulsion Phase Flow on Iron(III) Permeation 
	Influence of the Strip Solution Composition on Iron(III) Permeation 
	Influence of the Sulphuric Acid Concentration in the Feed Phase on Iron(III) Permeation 
	Influence of the Initial Iron(III) Concentration in the Feed Phase on Metal Extraction 
	Influence of the Carrier Concentration on Iron(III) Permeation 
	Estimation of Diffusional Parameters 


	Conclusions 
	References

