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I Abstract

In this study, two types of affinity polymer membranes containing new organometallic complexes (Gd-glucaric acid) as extractants were prepared and characterized. They were used
to extract Cr (VI) ions from concentrated solutions (0.0068M—0.0009 M). These affinity polymer membranes were tested by designing an easier extraction process from the substrate
at different concentrations and different temperatures. Additionally, macroscopic parameters such as permeability (P) and initial flux (J) were evaluated to explain the extraction
process of the substrate using these membranes. The results showed that the value of the initial flux (J) of the extracted substrate was related to its initial concentration C; by the
saturation law, which allowed determining the microscopic parameters, the apparent diffusion coefficient (D”), and the substance formed (substrate-extraction agent) along with its
constant correlation (K ). The substrate factors and the temperature significantly affected the evolution of these parameters and the performance of the membrane during extraction.
The activation parameters (E, AH?, and AS?) were determined, and the results indicated that the high performance of these types of membranes is related to the use of advanced
techniques. The efficiency was related to the movement properties of the substrate through the organic phase and the structure of the membrane. The membranes developed were used
to conduct experiments related to selective extraction and removal of chromium ions from a mixture containing Ni (II) ions. The results of these tests were conclusive and indicated

a co-transport of Cr (VI) and Ni (II) ions, along with a marked reduction in the values of P and J, which enhanced the performance of the membrane.

© 2023 FIMTEC & MPRL. All rights reserved.

1. Introduction

The textile industry consumes the largest quantity of water among all chemicals that are harmful to health and cause pollution of surface water and
types of industries. Specifically, the dyeing and finishing phases mainly use groundwater [ 1]. Mordant dyes used in these industries are a source of metallic
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pollution since they usually contain functional ligands that react strongly with
Chromium(V1), Copper(Il), Nickel(Il), and Cobalt(ll), producing complexes of
different colors with the textile [2]. The wastewater resulting from the dyeing,
finishing, and rinsing phases of dyed textile fibers contains large quantities of
dyes and traces of metals such as Chromium(V1), Nickel(ll), Cobalt(ll), and
Copper(ll) ions [3].

Metallic ions, especially heavy metals, are the most dangerous water
pollutants. The heavy metals that are naturally present in the environment, are
among the most toxic pollutants [4]. Therefore, treating textile effluents is
necessary before discharging them into the aquatic systems [5]. Their impact
on the environment occurs not only due to their strong toxicity that damages
the aquatic environment but also due to their accumulation throughout the food
chain which directly threatens the health of organisms [6]. To reduce the
abundance of metal ions in the environment, several processes have been used
for removing and recovering ions from textile effluents, including liquid-liquid
extraction [7], ion exchange processes [8] chemical precipitation [9,10], and
membrane processes [11,12].

Membrane processes are used in many industrial applications, either to
recover or separate the constituents of a mixture or selectively control the
exchange of matter between different media [13]. The application of membrane
techniques has grown rapidly in recent years, mainly due to its ever-growing
applications in various fields. Membranes are promising due to their low error
forecast. After establishing their utility in the fields of industry and health [14],
their applications are now being extended to the fields of environment and
advanced technologies.

Membrane technology has many advantages and many uses. These
processes are clean, more ecological, and more efficient than alternatives to
conventional methods of wastewater treatment. Membrane processes can
remove heavy metal ions, such as Cr (VI) ions. Different types of membranes
can be used for removing Cr(VI) ions, such as inorganic film membranes
[15,16], polymers [17,18], and liquid membranes [17,19].

Polymer inclusion membranes (PIMs) are more stable and efficient,
especially compared to other liquid membranes. They usually consist of a
polymer carrier, an extractant, plasticizers, or porosity modifiers. The exacting
agent is a complex-forming agent or ion exchanger responsible for interacting
with target species and their propagation to the stage of the PIM. Many types
of acidic, basic, neutral amphiphilic agents, and macromolecular solvents, are
used to accurately and efficiently transport and separate Cr (VI) ions from
aqueous solutions [20,21]. New polymer inclusion membranes can be used to
recover Chromium and Nickel from textile wastewater containing NTA as a
carrier [22].

In this study, we used the membrane separation processes to facilitate the
separation and extraction of Cr (V1) ions from an aqueous solution. Thus, we
focused on the development of two PIMs based on two polymer supports, i.e.,
(PVDF+PVP) and (PSU+PVP). A new extractive agent (EA), gadolinium-
glucaric acid complex, was also used in the process. Additionally, to study the
performance of the developed PIMs, we determined the macroscopic
parameters (membrane permeability P and initial flux Jo) and microscopic
parameters (the association constant K, and the apparent diffusion coefficient
D*) based on Fick’s first law and the saturation law of the extractant agent by
the substrate(S). Moreover, to account for the recovery of the substrate Cr (V1)
performed by the membrane, and elucidate the mechanistic aspects, the
activation parameters, E, energy, enthalpy AH?, and entropy AS?, were
determined. The yields obtained with different PIMs for the recuperation and
separation of Cr (V1) were compared. Additionally, the effect of factors such
as temperature and concentration on the removal performance was also studied.
The mechanism of selective separation of Cr (V1) from a mixture containing
Ni (I1) ions was elucidated.

2. Materials and Methods

2.1 Reagents

To synthesize PIMs, raw materials for the synthesis of new extractants,
such as the Gd-glucaric acid complex, were purchased from Sigma-Aldrich.
The method used for preparing the polymer carrier is discussed in the following
sections. Polyvinylidene fluoride (PVDF) (molecular weight 440,000 gmol?)
was purchased from Alfa Aesar. Polysulfone (PSU) (molecular weight 35,000
gmol™) was purchased from Sigma-Aldrich, and Polyvinylpyrrolidone PVP
(molecular weight 40,000 gmol™), was purchased from Alfa Aesar, a
copolymer. Potassium dichromate [K,Cr,07] (molecular weight 294.185 gmol~
1) was purchased from Sigma-Aldrich. Substrate solutions of Cr (V1) or Ni (11)
ions were prepared by dissolving the matrix in distilled water. Initially, [Ni?*]o
= [Cr,0+% 1o = Cp = 2 gL* was added to distilled water without adding any
auxiliary compounds. Then, concentrated solutions of HCI and NaOH were

used to regulate the pH of the solution. All chemicals, reagents, and solvents
used in the experiment were commercial products.
2.2 Preparation of the extracting agent

The complex Gd-glucaric acid was synthesized following the protocol
suggested in our laboratory by Riri et al. [23]. The solution was formed by
mixing glucaric acid (ligand) and (Gd(NOs)s.6H,0) at a concentration of 102
M and fixed pH. The complex was precipitated rapidly at room temperature
(Fig. 1). And was insoluble in water, methanol, and ethanol.

25 ml of distilled water
an
104 M Gadolinium

nitrate
25 ml of distilled

water and ) l

~ . Filter
104 M Glucaric acid

-

Step 1 Step 2 Step 3

Fig. 1. Preparation of the complex

2.3 Membrane preparation

The polymer inclusion membranes were designed according to the
following experimental protocol. First, 3 g of polysulfone (PSU) or
polyvinylidene fluoride (PVDF was dissolved in 12.5 mL of DMF at room
temperature and stirred continuously for 12 h, Then 0.6 g of
polyvinylpyrrolidone (PVP) was added. To this mixture, a fixed amount of the
Gd-glucaric acid complex carrier was added. It was then stirred for two days
in the absence of air to completely solubilize the added complex. The paste
obtained was poured and spread onto a glass plate, and the plate was immersed
in a bath containing distilled water. The DMF solvent left the matrix of the
spread paste, and a rigid membrane was obtained (Fig. 2) (Phase inversion
method) [24,14].

Casting

agitation for 24 h at 25°

Stirrer Stirrer

Preparation of the Polymer

Membrane

Fig. 2. Preparation of the PIM based on the phase inversion method

Two membranes containing organometallic complexing agents were
developed including PIM (1): PVDF + PVP + Glucaric acid and PIM (2): PSU
+ PVP+ Complex (Gd-glucaric acid). The thickness of the prepared membrane
was measured using the Mitutoyo Electronic Palmer (Mitutoyo Co., Ltd.,
Takatsu District, Kawasaki City, Kanagawa Prefecture, Japan), and the
accuracy was found to be+0.002 mm. It was then isolated from air and stirred
for two days to completely solubilize the added complex. The cell used to
conduct the experiments associated with the facilitated transport of Cr (V) or
Ni () ions consisted of two glass compartments separated by the prepared
membrane. One compartment contained the source solution of the metal ion at
the studied concentration, and another compartment contained the receptor
phase. The system was immersed in a thermostat bath containing water to keep
the temperature constant throughout the experiment. A multi-stage stirrer was
used to ensure the homogeneity of the two phases (Fig. 3).
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Fig. 3. Transport cell.

3. Theoretical calculations

3.1 Kinetic model to calculate the macroscopic parameters P and Jo

The kinetic model developed by Verchére in the PBS laboratory in Rouen
was used in this study. The reliability of this model was reassured by using it
in several other studies in our laboratory [25,26].

The membrane was placed between the two glass compartments of the
transport cell. A known volume of the substrate solution at C, concentration
was placed in the source compartment (S). Several samples were taken at
regular time intervals (30 min) from the receptor phase R to follow the
evolution of the concentration of this receptor phase in the substrate (Cr(VI)).
Assuming Cr to be the concentration of the substrate in the receptor phase at
each instant, the concentration in the source phase can be expressed as C¢-Co-
CR.

The relationship between the flux J of the substrate and its concentration
is:

dCR/dt =] x S/V o)

Where S is the surface area of the membrane, V is the volume of the receiving
phase, and J is the flux.

The relationship of flux J with AC (the difference between the substrate
concentration in the source (Cr) and receptor (Cr) phases) and the membrane
thickness E is shown in equation (2) derived from Fick’s First Law.

AC

J=Px—= @
P denotes the permeability of the membrane.
Cr = Cy— Crthus,AC = Cr—Cr = Co-2Cg 3)

Where C, is the initial concentration of the solute in the source phase Ck is the
concentration of the solute in the source phase.

By combining equations (1), (2), and (3), the following differential
equation was obtained:

Pxdt = (Ex V/S)dCr/(Cy-2Cg) 4)
The integration of equation (4) gives:
Px(t—t) = (Ex V/S$)[1/2Ln (Co/(Co -2 Cr)] (5)

The equation showed that after an induction period, which can be several
hours, the term
-Ln (C,-2CR) becomes a linear function of time t.

P =axV X E/2S (6)

Here a denotes the slope used to calculate the permeability P.
The initial flow Jo can be calculated from the permeability P according to
the following equation

Jo =P X G/E (7
The end of the manipulation corresponded to a dynamic equilibrium,

which was established between the two compartments (Ce = Cr = C¢/2), and
the diffusion velocities in the two directions became equal.

3.2 Theoretical model to determine the microscopic parameters Kas and D*

Transport depends on the formation and dissociation of the substrate-
transporter (ST) complex at the solution-membrane interface. The transporter
(T) is insoluble in water, and the substrate is insoluble in the membrane.

The complexation equilibrium can be expressed as,

T (org) + S(aq) «—» TS (org)

[TS]i = Kass x [T]i x [S]i (laws of mass action) (8)

where K, is the Formation constant of the TS complex, [S]; is the Substrate
concentration at time t in the source phase and at the substrate/membrane
interfaces, [S]; is the Substrate concentration at the interface, [T]; is the Carrier
concentration at the interface, and [TS]; is the Complex (T-S) concentration at
the interface.

According to Fick’s law, substrate flux is proportional to the concentration
of the complex in the membrane and can be expressed as,

J = (D/E) x [TS] ©)

where D is the apparent diffusion coefficient and E is the thickness of the
membrane.

However, at the interface, on the source phase side [TS]i<< [S]; and the
substrate concentration [S]; is equal to that of the substrate at time [S]; ([S]i =

[Sh).

The total concentration [T], of the transporter immobilized on the
membrane is constant. It is equal to the sum of the concentrations [T]i and [TS];
[Tlo = [Tl + [TS]; = [Tl x (1 + Kgss X [S]0) (10)

[T]i = [Tlo/(1 + Kass X [S]) = [Tlo/(1 + Kass X [S]c) (1)

In the initial conditions, Jo = (D/E) % Kass x [T]i x [S]: function of [T]oand
Co.

]0 = {(D/E) X Kass X [T]O X CO}/(l + Kass XCO) (12)

This expression is used to calculate the permeability P as a function of [T]o
and Co: P=Jpx E/Co

P =D X Koss X [Tlo/(1 + Kass X Co) (13)

Jo and P were proportional to the initial carrier concentration. These
expressions suggested Michaelis-Menten-type transport law since carrier
saturation was observed at high values of C.

For determining the apparent diffusion coefficient D* and the association
constant K, of the complex (substrate-carrier), the Lineweaver-Burk line was
drawn for the flux:

1Jo= f(1/C) = (E/D) x {(1/[T]o X Kass) X (1/Co) + (1/[T]0)} (14)
Here,
K, = intercept (00)/slope (p) and D* = (1/00) X (1/[T],) (15)

The initial flow was related to the temperature by the Arrhenius law as
follows:

J(T) = Ajexp (—Eq/RT) (16)

Here, R denotes the perfect gas constant, A; denotes the pre-exponential factor,
and E, denotes the activation energy for the formation of the transition state
relative to the kinetically determining step, which is the diffusion of the
complex (T-S) through the membrane [27-29].

After linearization, equation (15) be expressed as:

InJo = —E./R X (1/T) + In4; @17
E, can be calculated from the slope of the curve In Jo = f(1/T).
The activated complex theory suggests that E, is related to the enthalpy of
activation AH* by the equation
AH? = E, — 2500 (J/mol) at 25 °C (18)

While the entropy AS*is linked to the pre-exponential factor by the equation,

AS” = R (InA; -30.46) at 25 °C (19)
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4. Results and discussion

4.1 Characterization of the PVDF+PVP/PVDF+PVP+Complex membranes
and PSU+PVP/PSU+PVP+Complex by FTIR

To confirm the presence of a carrier in the developed membranes, the FTIR
spectra of the membrane containing the PVDF + PVP support polymer were
compared to the PVDF+ PVP/complex membrane. The peaks observed in the
spectrum of the membrane containing PVDF and PVP were characterized by a
band at 1404 cm™, which might be attributed to the CH groups. Similarly,
bands at 876 cm™?, and those occurring between 1074 and 1278 cm correspond
to the vibration of the linear C-C bond and the elongation vibrations of the C-
F bonds, respectively (Fig. 4). The spectrum of the PVDF-Complex membrane
showed a band characteristic of the C=0 and O-H groups present in the
complex molecule, which indicated the integration of the carrier with the
membrane.

The infrared spectrum of the PSU-PVP membrane (Fig. 5) showed the
characteristic vibration band of the PSU polymer support. This might be related
to the extension of the functional groups: O= S=0 (1014 cm™), C-H (689/381
cm™), and C=C-C (1488/1585 cm™). The O-H and C=0 functional groups
showed characteristic vibration bands near 3350 and 1750 cm™, respectively.
The spectrum of PSU+PVP-Complex showed the disappearance of the C=0
band, which indicated the integration of the extraction molecule (Complex)
with the support (PSU+PVP).

1159,9729

Complex
—— PVDF+PVP
—— PVDF+PVP-Complex

2919,699

1641.1254 3386,3879

r v T " v T T . )
o 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenuber(Cm-1)

Fig. 4. The FT-IR spectra for the PVDF + PVP support and the PVDF+ PVP/complex
membrane.
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Fig. 5. The FT-IR spectra of the PSU + PVP support and the PSU + PVP/complex
membrane

4.2 Characterization of the PVDF+PVP/PVDF+PVP+Complex membranes
and PSU+PVP/PSU+PVP+complex by SEM

The SEM images of the surface and cross sections of the two developed
PIMs are shown in Fig. 6 and 7. Differences were found between the
membranes composed of the PVDF/PVP [11] and PSU/PVP [30], polymer
supports only, and each membrane containing a transport agent. The images
showed that the PVDF/PVP or PSU/PVVP membranes were homogeneous with
very smooth surfaces and sections. The addition of transporters to the
PVDF/PVP or PSU/PVP polymer supports altered the membrane structure
(morphology and porosity) (Fig. 6 and 7). The surface became porous, with
relatively uniform pores. Cross-sectional images showed the presence of
cavities of different sizes. Thus, depending on the nature and chemical structure
of the extractant, the inclusion of a transport agent can facilitate the formation
of pores of different sizes and shapes in the membrane.

Diameter = 1.56pm
Area = 1.92um? C)

-

EHT =10.00 kv

2um Grand.= 200K X
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Date :7 Fév 2018 zE1NS |
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Fig. 6. SEM images of PVDF/PVP-Complex
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Fig. 7. SEM images of PSU/PVP-Complex.

4.3 Influence of the substrate (Cr (V1)) concentration

To determine the effect of the initial Cr (V1) concentration on the evolution
of macroscopic parameters (initial flux Jo and permeability P) and microscopic
parameters (association constant K, and apparent diffusion coefficient D*), we
performed facilitated transport through the two selected membranes, i.e.,
PIM(1) and PIM(2) under different Cr (V1) concentrations (0.0068, 0.0034M,
0.0017M, and 0.0009M) at pH=3 and T=25°C. We evaluated the parameters
that played a crucial role in determining the facilitated extraction of Cr (V1)
ions. While performing manipulations, the concentration of the Cr (VI) ion
evolved in the receptor phase was recorded as a function of time and plotted
for each of the studied membranes using the function-Ln (Co 2Cg) =f (time) at
different Cr (V1) ion concentrations (Fig. 8).

@®PIM(2) ®PIM(1)

Y =0,003079x + 2,555057
R?=0,992261

%)

y=0,0003x + 2,5253
R?=0,9782

WLn(6.2C,),

~N
=

0 20 40 60 80 100 120 140 160 180 200
Time(min)

Fig. 8. Representation of the-Ln (Co—2Cr) = f(t) lines of Cr (V1) ion transport through the
two PIMs at pH=3 and T=25°C (C0=0.0068M).

The kinetic term, -Ln (Co 2Cg) = f(t), was represented by straight lines,
showing that the transport of the Cr (\V1)ions across these membranes fit well
with the proposed kinetic model. The model considered the diffusion of the
carrier-substrate complex across the membrane to be the rate-determining step.

From the slopes of these lines, we determined the macroscopic parameters
(P and Jo) related to the directed process of facilitated Cr (V1) ion transport
across the membranes for the concentrations studied. The results are presented
in Table 1.
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The permeability of the two membranes increased when the concentration 80 @PIME2) ®PIM(L)
of Cr (V1) in the source phase decreased (Table 1). The initial flux varied in the
opposite direction, i.e., it increased with an increase in Co. New polymer 01
inclusion membranes were used for recovering chromium and nickel from 60 4 ~

: p : - y =0,0218x - 1.4283
textile wastewater using NTA as a carrier Overall, comparing the parameters 2 Rz = 0,0985
of the two membranes, we found that PIM(2) was a more permeable membrane £50 1
for the Cr(VI) ion substrate with permeability and initial flow approximately Zao
three times greater than the PIM(1)membrane. This was mainly because, in ;E
PIM(2), the molecules of the transporter were free in the membrane matrix, 2,30 1 y=0,01x - 0,4392
which favored the right structural orientations, and facilitated the association :';20 ] R?=0.9991
between the molecules of the transporter and those of the substrate Cr(V1) [31]. 3

10 1

4.4 Influence of temperature 0 i i i i i X

The process was conducted at different temperatures (25, 30, and 35 °C) 0 200 400 600 800 1000 1200
to determine the effect of temperature on the evolution of the parameters of Cr UG (M)

(VI) ion transport through the membranes. For this, we fixed the other
experimental conditions. The pH was set to 3 and we used the same agitation,
the same volume of the two phases, and the same concentration of the substrate.
The lines corresponding to-Ln(C, 2Cg)= f(time)) were drawn in the same way
and could be used to deduce the values of the macroscopic parameters related
to the facilitated extraction of the Cr (V1) ions (Table 2).

These results suggested that for a given substrate concentration, the
permeability of the membrane increased with temperature. A similar trend was
also observed for the initial flux J, The parameters of PIM (2) were more
important than those of PIM (1).

To determine the effect of temperature on the evolution of the microscopic
parameters (apparent diffusion coefficient D* and the association constant Kas)
related to the facilitated extraction of Cr (V1) ions through the two membranes
(PIM(1) and PIM(2)), we plotted the Lineweaver-Burk representations for each
of the membranes at different temperatures (Fig. 9).

Table 1

Fig. 9. The Lineweaver-Burk representation for the facilitated transport of Cr(V1) ions
across the two membranes

From the slopes and intercepts of these lines, the microscopic parameters
related to the facilitated transport of Cr (V1) ions for the two membranes at
specific temperatures were determined and the results are shown in Table 3.

These results showed that an increase in the temperature caused a
substantial increase in the apparent diffusion coefficient D* but only a slight
decrease in the association constant K, for the two membranes. This might be
due to an increase in the system energy, which favored the mobility of the
molecules of the carrier and those of the Cr (V1) ions inside the membrane
matrix, facilitating the structural orientations for fast and simple
association/dissociation of the substrate with the carrier.

Macroscopic parameters related to the process of facilitated transport of Cr(VI) ions.

_ PIM(2) PIM(1)
Concentration Co (M) P*10” cm? /s Jo x 10° mmol/s.cm? P*10” cm? /s Jox 10° mmol/s.cm?
0.0068 27.71 0.19 7291 0.49
0.0034 28.17 0.15 80.21 0.27
0.0017 29.35 0.05 87.50 0.15
0.0009 31.08 0.03 94.79 0.08
Table 2
Influence of temperature on the macroscopic parameters of facilitated Cr(VI) ion transport across two membranes.
PIM (1) PIM (2)
T(°C) Co (M)
P*107 (cm?s™) Jox 10% (mmol/s.cm?) P*107 (cm?s™) Jox10° (mmol/s.cm?)
0.0068 27.71 0.19 72.91 0.49
- 0.0034 28.17 0.15 80.21 0.27
0.0017 29.35 0.05 87.50 0.15
0.0009 31.08 0.03 94.79 0.08
0.0068 28.35 0.21 73.56 0.52
320 0.0034 29.81 0.17 81.64 0.28
0.0017 30.73 0.06 88.01 0.16
0.0009 32.46 0.04 95.37 0.09
0.0068 29.01 0.24 74.73 0.55
35 0.0034 30.46 0.12 82.11 0.30
0.0017 31.10 0.07 89.69 0.16
0.0009 32.75 0.05 96.98 0.10
Table 3
Influence of temperature on the microscopic parameters of the facilitated transport of Cr (VI) ions.
PIM(1) PIM(2)
T(°C) D*10° cm?s™ Kass D*10° cm?st Kass
25 20.24 3.26 29.83 7.09
30 21.82 2.99 32.50 5.80
35 25.11 2.60 45,52 2.12
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4.5 Activation parameters

From the equation the transition state using the Arrhenius relation was
applied for studying the variations of the fluxes, (Jo) means as a function of
temperature.

The representations of InJo mean =-E./R *(1/T) + In Aj (Equation 16), we
obtained lines whose slope was (-E,/R) and ordinated to the origins (InAj).
From the slopes and intercepts of these lines, the activation parameters
(activation energy E,, activation enthalpy AH*, and activation entropy AS*
related to the facilitated transport of Cr (Vl)ions through the two studied
membranes were calculated, and the results are presented in Table 4.

Table 4
Activation parameters related to the facilitated transport of Cr(V1) ions through the two
membranes.

On the other hand, the low values of AH? indicated low activation energy
for these transition states in both membranes, and thus a rapid
association/dissociation reaction (substrate-transporter). Therefore, the
directed process of facilitated extraction of Cr (V1) ions across these two types
of membranes was affected much more by the structural aspect than by the
energetic aspect.

4.6 Effect of the presence of Ni (1) ions on the transport of Cr (VI)

The effect of the properties of the polymer support and the presence of Ni
(1) ions was evaluated. The polymeric support in a polymer strongly affects
the orientation process. It is related to the promotion of the extraction of metal
ions through the PIM membrane. The simultaneous separation of Cr (VI) and
Ni (1) ions using the two PIMs was investigated using different polymeric
supports. The experiments were conducted under the following conditions:

PIM(1) PIM(2) mixing the feed phase Cr (V1) = 0.0068M/0.0034M/0.0017M and 0.0009M and

__ Ni (I1)= 0.0251M/0.0125M/0.0063M and 0.0031 M ions, at pH =3 and T =
Activation energy Es (kJ.mol”) 21.946 8,734 25°C. The results are presented in Table 5.

Activation entropy AS? (J. mol-.K-1) 274.782 -311.951 The transport efficiencies of Cr (VI) and Ni (ll) ions through the PIMs

were strongly affected by the nature and structure of the PIM membranes. The

Enthalpy of activation AH* (kJ. mol™.K™) 19.446 6.233 results showed that using PVDF as a polymer can significantly improve the

The values of the activation entropies corresponding to the transition state
of the association/dissociation reaction of the substrate with the transporter
were negative. This showed that in the transition state, there was a gain of order
caused by a closer approach of the substrate and the transporter agent,
indicative of an early transition state. For the two membranes studied, the
values obtained for this parameter (AS¥) were very close, which suggested that
the association of the Cr (V) ions with the transporter molecules during their
passage through the two membranes occurred according to the same sites of
interaction of the Gd-Glucaric acid transporter and the Cr (V1) substrate.

transport parameters (P and Jo) of Cr (V1) and Ni (I) by approximately 100%
and 250%, respectively. Although the two ions were also co-transported into
the receiving solution through the Gd-glucaric acid complex-based PIMs, a
negligible change in the parameters (P and Jo) was observed. These results can
be explained based on the electrostatic attraction between the two ions, which
decreased the distribution of the ions on the surface of the membrane. The
competition between the two ions at the active sites of the transporter also
influenced the co-transport through the membranes.

Table 5
The comparison of the macroscopic parameters of two individual and simultaneous ions.
Cr(VI) Ni(l1)
Sy e C) STl Ni(ll)Single Ni(ll)simultaneous
7 7
TCC) Co (M) (;;2150,1) Jox 108 (;:czlg,l) Jox 105 Co (M) p*107 Jox 105 p*107 Jox 108
(mmol/s.cm?) (mmol/s.cm?) (cm?s?) (mmol/s.cm?) (cm?s™) (mmol/s.cm?)
0.0068 27.71 0.19 18.23 0.12 0.0251 3.65 0.09 2.18 0.05
PIM(1) 0.0034 29.17 0.15 21.87 0.07 0.0125 7.12 0.08 3.64 0.04
0.0017 31.35 0.05 25.52 0.04 0.0063 8.23 0.07 8.02 0.03
0.0009 32.08 0.03 29.16 0.03 0.0031 9.45 0.04 6.56 0.02
0.0068 72.91 0.49 73.64 0.50 0.0251 5.10 0.13 3.64 0.08
PIM(2) 0.0034 80.21 0.27 81.66 0.28 0.0125 7.29 0.11 4.37 0.05
0.0017 87.50 0.15 89.68 0.16 0.0063 8.75 0.07 5.10 0.03
0.0009 94.79 0.08 95.52 0.09 0.0031 10.94 0.06 5.83 0.02

5. Conclusion

In this study, a new extractive agent was designed to develop organic
membranes. Subsequently, two membranes were characterized and tested in
various process-oriented experiments of the facilitated extraction and recovery
of Cr (VI) and Ni (Il) ions from simulated wastewater. The values of the
macroscopic and microscopic parameters associated with the processes (P, Jo,
Kass, and D*) were determined. These parameters were then used to analyze and
quantify the performance of the adopted membranes as a function of factors
such as the initial substrate concentration Co, and temperature. Microscopic
parameters (K, and D*) and activation parameters (E,, AH* and AS*) were
determined, analyzed, and correlated with the chemical structure of the
membranes. The results were used to explain and confirm the performance of
the membrane and elucidate the mechanism by which Cr (V1) ions jumped on
fixed sites of the EA immobilized in the membrane phase. In the processes
oriented for the extraction of Cr (VI) ions, the PIM prepared by the phase
inversion method was observed to be more efficient compared to PSU. Using
a PIM membrane allowed the co-extraction of Cr (VI) and Ni (Il) ions from
mixtures by the same mechanism based on the interactions between the
substrate and the membrane, which explained the recorded selectivity.

The results of this study indicated that the developed PIM might be used
for the selective extraction and separation of Cr (V1) ions from industrial liquid
wastes. This type of stable polymeric membrane is used for the extraction and
separation of other ions and dyes under different experimental conditions. They
can be used to optimize the performance for the extraction and recovery of
several ions and dyes from industrial wastes.
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