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Abstract. Laboratory-scale experiments were carried out to investigate the adsorption equilibrium, the adsorption
kinetics and facilitated transport of two cationic dyes (Methylene Blue (MB) and Rhodamine B (RB)) on Polymer
Inclusion Membrane (D2EHPA-PIM). Different adsorption isotherms (Freundlich, Langmuir and Temkin models)
as well as kinetics models indicated that the adsorption process is spontaneous and exothermic. Under the optimal
conditions, the adsorption removal efficiencies reach about 93% and 97% for MB and RB respectively. Different
extraction values by D2EHPA-PIM were obtained for the two cationic dyes: MB is weakly extracted at pH 2.0 (%
= 18.7%) whilst E% = 82.4% was observed for RB at the same pH. This difference was exploited in a mixture
containg both the 2 cationic dyes for the selective extraction of RB at pH 2. Desorption of both dyes was achieved
from the membrane by using acidic aqueous solutions and desorption ratio up to 90% was obtained. The formulas of
the extracted complexes by the PIMs were, determined by the method of slopes. The dyes transport was elucidated
using mass transfer analysis where in it found relatively high values of the initial flux (Jy) as 41.57 and 18.74
umol.m’s” for MB and RB respectively.

Keywords: Polymer Inclusion Membrane (PIM); D2EHPA; extraction; cationic dyes; kinetics; equilibrium;
facilitated transport

1. Introduction

Colored effluents are widely produced in industries such as textiles, leather, rubber, dye
synthesis, printing, pulp mills, food and plastics. Nowadays, their excessive release into the
ecosystem represents increasing environmental problem due to their toxicity, mutagenicity, non-
biodegradability and undesirable aesthetic aspects (Luo et al. 2011).

In particular, in textile industries, the removal of textile dyes from wastewater has been a
subject of great interest in the past decades and has been brought to discussion because of new
environmental laws, restriction on water availability, and charge for its use (Ueda et al. 2011).
Once the dye has contaminated the water, its removal by conventional wastewater treatment

*Corresponding author, Ph.D., E-mail: kebiche anissa@yahoo.fr
*Ph.D. Student, E-mail: aitalisalima@yahoo.fr
® Professor, E-mail: mohamedbenamor@yahoo.fr

Copyright © 2016 Techno-Press, Ltd.
http://www.techno-press.org/?journal=mwt&subpage=7 ISSN: 2005-8624 (Print), 2092-7037 (Online)



522 S. Aditali, O. Kebiche-Senhadji and M. Benamor

method is particularly difficult because many dyes are stable to light, oxidizing agent, and are
resistant to aerobic bio-oxidation (Ramesh ef al. 2007).

In last 2-3 decades several decolorization processes have been developed, such as membrane
separation (Jiraratananon et al. 2000, Treffry-Goatley et al. 1983), adsorption (Bhatt et al. 2012,
Mahmoodi et al. 2011), coagulation flocculation (Moghaddam et al. 2010, Verma et al. 2012),
photo-oxidation (Lucas and Peres 2006), biological treatments (Chatha et a/ 2011, Van der Zee and
Villaverde 2005), liquid-liquid extraction (Pandit and Basu 2002, Gungor ef al. 2008) and others
(Djenouhat et al. 2008a, Moscofian et al. 2012, Bayramoglu et al. 2009, Liu et al. 2007, Wu et al.
2008).

The analysis of recent literature on the topic indicates that the dye removal techniques and
processes worth-noting are green and clean, i.e., which meets the requirements of stricter
environmental regulations. Unfortunately, cleaner dye wastewater treatment methods generally
imply higher energy/operation costs (Mezohegyi et al. 2012).

Moreover, a simple, cost effective and safe alternative for color removal and recovery of dyes
from textile effluent is required and membrane technology may provide this alternative. Among
membrane processes, the extraction by liquid membranes has acquired a prominent role for their
use in separation, purification or analytical application in various areas, such as biomedicine, ion
selective electrodes, effluent treatment and hydrometallurgy (Muthuraman et al. 2010). In this
field, some researchers have studied the extraction of anionic and cationic dyes, from aqueous
solutions by emulsion liquid membrane (Daas and Hamdaoui 2010, Djenouhat et al. 2008b, Das et
al. 2008).

Supported liquid membranes (SLMs), which employs a porous membrane impregnated with a
solvent containing complexing carrier(s) to separate the feed and strip phases, represents one of the
most useful types of liquid membrane, as it combines the processes of extraction, diffusion,
stripping and regeneration in a single step. Thus having great potential for reducing cost
significantly (Yang et al. 2001, Drapala et al. 2001, Yourd and Tyson 2003). This methodology has
been widely applied to study transport of individual species such as metal ions, weak acids and
bases, hydrocarbons, biologically important compounds, and gaseous mixtures, as well as the
separation of multicomponent mixtures (Yahaya et al. 2000).

SLM extraction system was investigated by Nisola e al. (2010) in the separation of synthetic
dye Rhodamine 6G (R6G) from water. The transport of cationic dyes Methyl Violet and
Rhodamine B from aqueous synthetic dye solution through flat type SLM using Di (2-ethyl)
phosphoric acid (D2EHPA) as a synthetic carrier, was studied by Hajrabeavi et al. (2009).
Vegetable oils were also tested as carriers in SLMs for extraction of Rhodamine B (Muthuraman
and Teng (2009) and astacryl golden yellow (Muthuraman and Palanivelu 2006).

Recently, a novel type of liquid membrane system, called “polymer inclusion membrane”
(PIM) has been developed (Kozlowski et al. 2006). PIMs retain most of advantage of SLMs while
exhibiting excellent stability and versatility. The lower diffusion coefficient often encountered in
PIMs can be easily offset by creating a much thinner membrane in comparison to its traditional
SLM (Arous et al. 2004, Nghiem et al. 2006).

To our best knowledge, except the first part of our research already available in Procedia
Engineering (Aitali ef al. 2012), no work was published about the use of PIMs for the extraction of
industrial dyes from aqueous solution, so, the aim of this study is to investigate the use of polymer
inclusion membranes (PIMs) for extraction, facilitated transport and the separation of two cationic
dyes (Methylene Blue and Rhodamine B) from diluted aqueous solutions. The PIMs were prepared
using cellulose triacetate (CTA) as polymer matrix plasticized with Nitrophenyl Octyl Ether (2-
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NPOE) and containing Di (2-ethyl hexyl) phosphoric acid (D2EHPA) as the carrier. The effects of
time, pH, stirring speed, concentrations of the D2EHPA and dyes have been optimized.

2. Experimental
2.1 Reagent

Cellulose triacetate (CTA), 2-nitrophenyl octyl ether (2-NPOE), di (2-ethyl hexyl) phosphoric
acid (D2EHPA) were obtained from Aldrich. Chloroform (CHCl;) was acquired from Fluka.
Methylene blue (basic blue 9) and Rhodamine B were purchased from Merck. The structures of
these dyes are given in Fig. 1.

2.2 Polymer inclusion membrane preparation

PIMs were prepared using the same procedure described in our previous works (Kebiche-
Senhadji et al. 2008, 2010). CTA was dissolved in chloroform at room temperature and mixed
with the plasticizer solution. After vigorous stirring, the carrier (D2EHPA) was added and the
solution was stirred to obtain a homogenous solution. The solvent of this mixed solution was
allowed to slowly evaporate in a 9.0 cm diameter Petridish, which was covered loosely.

Two samples were cut out from the same piece of the formed film (membrane) for duplicate
experiments. The membranes thickness was measured by digital micrometer (Mitutoyo) with 0.1
um standard deviation over 10 readings. The average thick of the prepared membranes varied from
45 ym to 100 ym.

The results of the characterization study of these membranes were already given in our earlier
work (Aitali et al. 2012).

2.3 Liquid-solid extraction

The liquid-solid extraction experiments were undertaken at room temperature, stirring the
aqueous solution using a magnetic stirrer at 200-500 rpm. Diluted solutions of HNO; and NaOH
were used to adjust the pH of the aqueous solutions.

The extraction of the dyes was followed by absorbance measurements which were carried out
with a UV-visible spectrophotometer (Shimadzu UV-2401 PC). The dyes concentration was
calculated from the absorbance, measured at the wavelength of maximum absorption of the two

BN
+
HSC“N = S/ o N/CH3

CHs cl” CH;

(a) Methylene Blue (MB) (b) Rhodamine B (RB)
Fig. 1 Chemical structures of Methylene Blue (MB) and Rhodamine B (RB)
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dyes (650 nm for MB and 565 nm for RB). The amount of extracted dye (E) and the distribution
ratio (D) were calculated using the following equations.

[dyel, o —[dyel,,

E(%) = x 100
= e, )
_ Ldyel,,, @
[dye],,

Where:

[dyelaqo: 1nitial dye concentration in the aqueous phase (mg/l).

[dyel.,,:  the dye concentration in the aqueous phase after extraction (mg/l).
[dyelso:  the dye concentration in the solid phase membrane) (mg/1).

2.4 Membrane transport experiments

The transport experiments of the cationic dyes (BM and RB) were carried out in two
compartments Plexiglas cell (100 cm’). The chambers were separated by the PIMs and clamped
together (the area of each side of the PIMs in contact with the solution was 4.3 cm?). The source
phase was an aqueous dye solution at a concentration of 20 mg/L (pH 6.0). The receiving phase
(strip phase) was aqueous solution of HNO; (1M) or H,SO,4 (IM) in the case of the MB or RB
transport, respectively. The transport experiments were carried out at room temperature (23—25°C)
and both source and strip aqueous phases were stirred at 350 rpm with magnetic stirrers.

For the experiments of dyes separation, a three compartment cell was used (see Fig. 2), wherein
the middle compartment (source phase) was filled with the aqueous solution containing a mixture
of the two dyes studied here (MB and RB). The other two compartments were filled with aqueous
solutions HNO; (1M) and H,SO, (1M) which were used as strip phases for MB and RB,
respectively.

The dye flux was calculated using the following relationship

-V dC
J=—— 3)
A dt
The permeability (P) was evaluated using Eq. (4) as
dC -4
In=—=—-P-t
T @)
The initial flux (Jp) was determined as
Jo=P-C, (%)
where:
v the volume of the feed solution (m”*)
A: the membrane area in contact with the aqueous solutions (m?).
Co: the initial concentration of the dye (mol/m®)

C: the concentration of dye at time # (mol/m’)
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Fig. 2 Representation of the three compartment transport cell

2.5 Adsorption isotherms

The adsorption isotherm is fundamental in understanding the adsorption mechanism. Important
information about how the adsorbate molecules are distributed between the liquid phase and the
solid phase once steady state is reached and can be interpreted based on the adsorption isotherm.
These data provide information on the capacity of the adsorbent or the amount required to remove
a unit mass of a substance in the system conditions. Langmuir, Freundlich and Temkin models
were used in this study to describe the equilibrium adsorption of MB and RB on the PIM. The
expression of the Langmuir model is given by

C 1 C
c= K (©)
Qe Qmax Qmax

where Q, (mg-g™) is the equilibrium amount of the dye adsorbed by the membrane, C, (mg-L™) is
the equilibrium dye concentration in the solution, Omax (mg-g™) is the maximum uptake of the dye
and K; (L~mg71) is the Langmuir constant. On.x and K; constants are calculated from the slope and
intercept of the plot of C,/Q, versus ..

The Freundlich isotherm is commonly given as

1
LogQ, =—Logv+ LogK W)
n

where Kr and 1/n are Freundlich constants related to adsorption capacity and adsorption intensity,
respectively. Higher value for Ky indicates higher affinity for adsorbate and the values of the
empirical parameter 1/n lie between 0.1< 1/n <1, indicating favorable adsorption. K and 1/n can
be determined from the linear plot of Log O, versus Log C..

Temkin isotherm equation assumes that the heat of adsorption of all the molecules in layer
decreases linearly with coverage due to adsorbent-adsorbate interactions, and that the adsorption is
characterized by a uniform distribution of the bonding energies, up to some maximum binding
energy. The Temkin isotherm is given as

Q, =BLnC,+ BLnA ®)
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where 4 (L/g) is the equilibrium binding constant, corresponding to the maximum binding energy,
and constant B is related to the heat of adsorption. A plot of O, versus In C, enables the
determination of the isotherm constants B and A from the slope and intercept of the straight line
plot (Oladoja et al. 2008).

2.6 Thermodynamic study

In order to evaluate better the feasibility and the temperature effect, for dye adsorption onto the
D2EHPA-PIM, thermodynamic parameters such as standard free energy change (AG®), standard
enthalpy change (AH®) and standard entropy change (AS®) were evaluated.

The Gibbs free energy change AG® (kj/mol) is related to the equilibrium constant K. by Van’t
hoff equation

AG° =—RT.LnK, 9)

It is also related to the change in entropy AS° (j/mol.k) and the heat of extraction AH®° (kj/mol),
at constant temperature 7 as follows

AG* =AH® -T AS® (10)

Where: R is the universal gas constant (8.314 j/mol.K)
Equilibrium constant K, can be calculated as

K.=C,/C, (11)
So, we can write
—RT.LnK.=AH®"-T AS° (12)
And finally
LnK,=-AH°/RT+AS°/R (13)

3. Results and discussion
3.1 Liquid-solid extraction

3.1.1 Effect of contact time

The equilibrium adsorption time of the two basic dyes (MB and RB) on the PIM was
investigated for a period of 360 min. A high initial slope of the adsorption curves can be observed
in Fig. 3, indicating that the initial uptake is fast. This phenomenon could be explained considering
that at the beginning of the sorption process all the reaction sites are unoccupied and consequently
the extraction is high. After the initial uptake (60 min), there was a transitional phase (from 60 to
120 min) and then the plateau (Fig. 3). So, 120 min is sufficient to reach the equilibrium for both
MB and RB and this period was employed for all the subsequent experiments.

3.1.2 Effect of stirring speed
Table 1 shows the influence of stirring speed on the extraction of MB and RB. The results
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Fig. 3 Effect of the contact time on adsorption of BM and RB dyes on PIM

Table 1 Effect of the stirring speed on the extraction efficiency of the cationic dye by D,EHPA-PIMs

Stirring speed Methylene blue Rhadamine B
200 90.64 95.21
300 90.76 95.12
350 92.46 97.82
400 91.99 97.38
450 90.96 95.40
500 89.54 95.20

indicate that extraction efficiency increases by increasing stirring speed, the maximum was
obtained at 350 rpm. The decrease of the efficiency, when the speed is upper than 350 rpm, is
caused by the turbulence created by stirring. A comparable result was obtained by Muturaman and
Teng (2009).

3.1.3 Effect of the carrier concentration

The dependence of dye adsorption on the quantity of the extractant (D2EHPA) in the
membrane was examined by varying the amount of D2EHPA in the membrane matrix from 5 to 30
pumol/cm? (quantity of D2EHPA/unit surface of the membrane). While keeping other parameters
such as initial concentration of dyes (50 mg/L), stirring rate 350 rpm, pH 6.0 and contact time 120
min, constant.

The extraction efficiency increases with the carrier loading in the membrane (up to 15 umol/
cm?) then is stabilized for high concentrations (Fig. 4). This trend can be easily explained in terms
of number of available extraction sites for the cation dyes.

3.1.4 Effect of the initial dye concentration

The effect of the initial dye concentration on the percentage of dye removal was studied by
varying the dye concentration in the range of 0.25 to 1.5 mmol/L. As shown in Fig. 5, the removal
capacity of the membranes, decreases with the increase in the initial dye concentration. In the case
of low dye concentrations, the ratio of initial number of dye moles to the available functional sites
is low. At high concentrations, the number of these sites becomes lesser and subsequently the
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Fig. 4 Influence of D2EHPA concentration on the extraction efficiency of BM and RB dyes by PIM
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Fig. 5 Effect of concentration dyes on the extraction efficiency of BM and RB dyes by PIM

removal of dyes depends on the initial concentration. This behaviour has also been shown in other
different metal carrier polymer membrane systems (Kebiche-Senhadji et al. 2010, Kozlowski et al.
2002).

3.1.5 Effect of the the aqueous solution pH

The pH of the aqueous phase has a significant influence on the extraction behaviour. The effect
of pH on the retention capacity of the D2EHPA-PIMs was tested with the two basic dyes (MB and
RB) in the pH range of 1.0-12.0, the D2EHPA concentration in PIM and dye in aqueous phase
were kept constant. As shown in Fig. 6, the extraction efficiency of MB and RB dyes increase up
to pH 6.0 and then remain almost constant at higher value of pH. The extraction is weak at pH 2.0
in the case of the MB, and its maximum extraction is achieved at pH 6.0. However, the D2EHPA-
PIM shows a good retention for RB at pH 2.0 (E% = 82.4%) and the extraction efficiency
increases slightly up to 97% at pH = 6.0. These results can be explained taking into account that
the cationic exchange becomes more difficult when the acidity increases, because of the weak
dissociation of the acidic extractant (D2EHPA) in relatively low pH solution. Moreover, the
difference in the chemical structure of MB and RB (Fig. 2) is at the basis of their different
retentions.

More details on this issue are reported in the next section on the determination of the complex
structure.
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Fig. 6 Influence of pH on the D2EHPA-PIMs adsorption capacity of MB and RB

3.2 Determination of the complex structure

As reported in our previous research paper (Aitali et al. 2012) using the curves of log D = f
(pHy) and log D = f([HL]) (Figs. 7-8), we have established the composition of the formed complex
Methylene Blue-D2EHPA via the linear curves forms as

LogD =mpH  + (m+n) log[D2EGOA],,, +1logK,, , (14)

From the slope of the linear curves Log D = f (pHf) (m = 1 (exactly 0.958)) and Log D = f
([HL]) (m + n = 1 (exactly 1.088)) where D2EHPA is noted HL (acidic extractant), we have
determined the formula of the formed complex, and then we have proposed the mechanism given
by the following equation

MB + (m + n) (HL) —> MBL,, (HL), (15)
with: m=1and n=0.

The result suggests that MB is extracted by the matrix (CTA-NPOE-D2EHPA) in the form: MB
-L.

2,2
2,0 - = BM——R?=.0,9941
1,8 LN e RB—RZ=.0,9897
1,6 - >~
- \\
(=) 1,4 4 \
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o 3 ~~
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Fig. 7 Determination of extraction stoichiometry of the cationic dyes with D2EHPA (Plots of
log D vs the equilibrium pH)
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Fig. 8 Determination of extraction stoichiometry of the cationic dyes with D2EHPA
(Plots of log D vs log [D2EHPA])

Using the same method, in the case of the RB extraction we have found m = 1.541 (see Fig. 7)
and n + m is determined to be 2 (exactly 1.921 see Fig. 8) and the value of n thus becomes nearly
0.5. The composition of the extracted species in the membrane matrix is then given as RBL; 5 .0.5
HL, which can be also writing: (RB),L;.HL. Thus, in the RB extraction, one molecule of the
cationic dye is carried into the organic phase by two D2EHPA molecules.

The mechanism of the reaction is proposed as

2RB+4HL <+—— (RB),L,(HL)+3H* (16)

The difference between the complexes formed with the two cationic dyes can be attributed to
the difference in the chemical structures of the two dyes (Fig. 2).

3.3 Adsorption isotherms study

Langmuir, Freundlich and Temkin models were used in this study to describe the equilibrium
adsorption of MB and RB on the PIM.

Parameters and correlation coefficients obtained from Freundlich, Langmuir and Temkin
models are summarized in Table 2.

The fitting of the sorption data of MB and RB onto DEHPA-PIM, to the 3 isotherm models
showed that the linearity of the Langmuir and Temkin isotherm models were higher than that of

Table 2 Parameters of Model-fitting to the Experimental MB and RB Adsorption Data
obtained from Freundlich, Langmuir and Temkin models

Freundlich Langmuir Temkin
Dye n Ky R* Opa (mmol/g) K R, R’ A B R’
BM 398 753 0.940 6.06 16.50 0.056 0950 36.41 2273 0.978

RB 595 437 0.900 3.40 3.68 0305 0930 123.64 1.002 0.927
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the Freundlich isotherm model (Table 2). This suggests that the sorption of MB and RB on PIM is
more probably a monolayer sorption rather than sorption on a surface having heterogeneous
energy distribution.

In particular, according to the results of the Langmuir model (Table 2), the maximum
adsorption capacity of the membranes (DEHPA-PIM) is 6.06 mmol/g and 3.40 mmol/g for MB
and RB respectively. As known, the adsorption process can be unfavorable (R, > 1), linear (R, = 1),
favorable (0 <R, < 1) or irreversible (R, = 0) (Mahmoodi ef al. 2011).

The value of Ry is less than 1 but greater than 0 for the two dyes studied (Table 2) confirming
that the adsorption process is favorable.

3.4 Thermodynamic study

The temperature effect on the adsorption rate of RB on the D2EHPA-PIM was investigated at
five different temperatures (20, 30, 35, 40, and 50°C) using an initial concentration of RB of 0.605
mmol/L. The obtained results showed that the adsorption capacity slightly decreases with the
increasing of the temperature i.e., an exothermic adsorption process.

AH® and AS° were calculated from the slope and intercept of Van’t Hoff plots, respectively (Fig.
9). The values of AH®, AS° and AG®° are given in Table 3. The negative value of AH® (-37.33
kj/mol) means that the adsorption process was carried out as exothermic at 20-50°C. Based on the
apparent enthalpy changes of adsorption (< 45 kJ/mol), the uptake of RB on D2EHPA-PIM can be
considered an adsorption type intermediate between physical and chemical adsorption (Bilgili
2006).

The positive value of AS® for RB dye adsorption process indicates an irregular increase of the
randomness at the membrane—solution interface during the adsorption process. The adsorption
process of the cationic dye (RB) on the D2EHPA-PIM is feasible and spontaneous thermo-
dynamically as the negative values of AG indicate. More negative values of AG at higher
temperatures as observed in this study (Table 3), imply greater driving force for adsorption at high
temperature as indicated by Ngah and Fatinathan (2010). The results of the measurement of the
thermodynamic parameters indicate that the dye—PIM interaction equilibrium could be explored
for practical application (Al-Rashed and Al-Gaid 2012).

In K =4.449.10° (1/T) - 11.18 /’
R?=0.9908 e

InK
\
\

1T (K-
Fig. 9 Ln(K.) vs (1/T)
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Table 3 Thermodynamic parameters for Rhodamine B adsorption on D2EHPA-PIM at different temperature

T (K) AH (kj/mol) AS (j/mol.K) AG (kj/mol)
293 -64.89
303 -65.83
308 -37.33 +94.05 -66.30
313 -66.77
323 -67.71

Table 4 Sorption kinetic models constants of MB and RB for the system D2EHPA-PIMs

Pseudo first ordre Pseudo second ordre
Dye ] 2 -1 2
K (min™) R K, (g.mg min) R
MB 0.039 0.994 0.060 0.999
RB 0.025 0.956 0.146 0.998

3.5 Sorption kinetics study

To determine the adsorption kinetic of MB and RB on the membranes, the pseudo first-order
and pseudo second-order kinetic models were applied as indicated by Eqs. (17)-(18), respectively

K

lo —g)=1lo ——1 %t

g(q. —q,) =log(q.) 2302 (17)
t 1 . 1 » as)
a9, K’ q,

where ¢, (mg/g) and ¢, (mg/g) are the amount of the adsorbed dye at equilibrium and at time ¢
(min), respectively. K; (1/min) is the pseudo first-order rate constant and K, (g/(mg-min)) is the
pseudo second-order rate constant. The pseudo first-order model assumes that the rate of
adsorption is proportional to the number of free adsorption sites.

The straight-line plots of Log (g. — ¢;) and #/q, /versus ¢t were used to determine the rate constant
(k1), which can be obtained from the slope of the plots.

Table 4 displays the rate constants K; and K, and the correlation coefficients (R?) for the pseudo
first-order and pseudo second-order models for the cationic dyes sorption on D2ZEHPA-membranes,
considered in this work.

It can be seen that the correlation coefficient of pseudo-second-order kinetics (> 0.998) is
greater than that of pseudo-first-order kinetics, so it can be concluded that the sorption of the two
dyes MB and RB on the CTA-D2EHPA membranes obeys the pseudo-second-order kinetic model.

The pseudo second-order kinetic model relies on the assumption that the rate-limiting step may
be adsorption, involving valence forces through the sharing or exchanging of electrons between
adsorbent and adsorbate (Hanafiah et al. 2012).

This confirms that adsorption of dyes takes place via surface exchange reactions until the
surface functional sites are fully occupied; thereafter, dye molecules diffuse into the membrane
network via further interactions.
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Table 5 Efficiency removal of MB by PIM regenerated with 1M HNO;
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Ncycle 1) (%)
1 92.13
2 91.67
3 91.66
3.6 Desorption study

Desorption of the filled adsorbents is essential as the adsorbent can be reused in another cycle.
In this work, desorption experiments of the membranes saturated with dyes, were conducted using
HNOs, H,SO, and CH;COOH solutions. After several tests (varying the acids concentrations)
HNO; (1M) H,SO,4 (1M) solutions were selected as stripping solutions giving the best desorption
percentage for MB and RB (desorption ratio up to 90%). The MB adsorption capacities by
regenerated PIM remains unvaried in three consecutive cycles.

Indeed, these tests on desorption were also very useful for the selection of the stripping solution
in the transport study (see below).

3.7 Facilitated transport study of the dyes

The methods of membrane transport process are reported in Section 2.4. Flux experiment using
the PIM without carrier showed that no transport of dyes from the source phase to the strip phase
occurred. From this result it can be established that the PIM without carrier acts as an effective
barrier to dyes species permeation.

3.7.1 Concentration profiles versus time (Individual Transport of MB and RB)

Fig. 10 shows the concentration profiles of dyes in the feed and striping solutions. The curves
shows that the concentration in the source phase decreased of 91.53% for MB and 85.63% for RB
and this loss of concentration is not fully recovered in the receiving phases, mainly in the case of

12 -
- -+ - - feed- MB
' ~m- Sirip-MB
Feed-RB
2 e ~---#---- Strip-RB
»*
3} . .
04 | e
@
0.2 .l :
™ e
P PSPPI .‘ .
0 200 400 600 800 1000 1200 1400 1600

Time (min) (min)

Fig. 10 Concentration profile vs time (in individual dyes transport) with D2EHPA CTA/PIM
from a feed solution of BM or RB dyes : 30 mg/l; receiving solution: 1M HNO; (MB
transport) or IM H,SO, (RB transport)
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Fig. 11 Concentration profile vs. time for the system D2EHPA CTA/PIM using a mixture
dyes (MB+RB) as source solution

RB which is fairly transported in the stripping compartment. This can be explained by the highly
accumulation of RB on the membrane surface.

The initial flux (Jy) calculated using the Eq. (5) (on the basis of the linear plot of In C/Cy versus
time) gives the values of 41.57 ymol.m”>s" and 18.74 umol.m’.s™" for MB and RB, respectively.
The difference in initial flux for MB and RB can be related to the difference in the mechanism of
the association of the two dyes with the carrier (D2EHPA) as discussed above (Section 3.2).

The Fluxes obtained in this study are much higher than those found by Yang ef al. (2013) (Jnax
=30.0.10° mol.m*.h™" =8.41 yumol.m”.s™") in their recent research on facilitated transport of dyes by
bulk liquid membranes containing Calix[4]arene-linked Triphenylene dimers as carriers.

3.7.2 Selectivity study

The separation study of a solution mixture containing MB and RB which represents one of the
main differences compared to our previous study (Aitali et al. 2012) was carried out in a three
compartment cell as described above (Section 2.4). The results reported in Fig. 11 show that the
dyes concentrations decrease of 72.91% and 94.72% for MB and RB, respectively. However, MB
is transferred to the stripping solution (1M HNO;) while RB is simply accumulated on the
membrane at the interface feed solution -strip solution (1M H,SOy,).

4. Conclusions

PIM containing D2HEPA as extractant was successfully tested for the removal of cationic dyes
(MB and RB) from aqueous solutions.

The efficiency of the process depends on various parameters, i.e., the pH of the aqueous phase,
the quantity of the extractant in the membrane, the initial dye concentration and the stirring speed.
Under optimum conditions, the extraction efficiencies are of ca 93% and 97% for MB and RB,
respectively. MB is weakly extracted at pH 2.0 (E% = 18.7%), and its maximum extraction was
achieved at pH 6.0. However, the D2ZEHPA-PIM shows a good retention for RB at pH 2.0 (E% =
82.4%) and the extraction efficiency increases slightly up to 97% at pH= 6.0. This difference can
be exploited to extract selectively RB in mixture with MB at pH 2.0.

The experimental data for adsorption of the two dyes on PIMs used as adsorbent were well
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fitted by the Langmuir isotherm model obtaining a maximum adsorption capacities of 6.06 mmol/g
and 3.40 mmol/g for the adsorption of MB and RB, respectively.

Kinetic studies showed that the adsorption process obeyed to the pseudo-second-order rate
model, thereby suggesting that the rate-limiting step may be the adsorption, involving valence
forces through the sharing or exchanging of electrons between adsorbent and adsorbate. The
negative value of AH® reflected the exothermic nature and the negative values of AG° confirmed
the spontaneity of the adsorption of the cationic dye (RB).

The initial flux (J;) values (41.57 umol.m*.s™ and 18.74 umol.m’.s"' for MB and RB respectively)
obtained in the transport study are relatively high compared to similar studies reported in literature.
The good separation of the two dyes is a very interesting result but it will be optimized by the
investigation of other stripping agents for the RB recovery.

Moreover, further experiments with real textile effluents evaluating the total costs will be
carried-out for making the full-scale implementations possible.
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