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a b s t r a c t
In the present work, we analyze the transport properties of a novel polymer inclusion membrane (PIM) 
containing cellulose triacetate as polymer matrix, acetylated kraft lignin (AKL) as a filler and di-(2-eth-
ylhexyl)phosphoric acid (D2EHPA) as an organic carrier, without addition of supplementary plas-
ticizers. The PIM is characterized by several techniques, to obtain information on their composition 
and morphology, namely Fourier transform infrared spectroscopy and scanning electron microscopy. 
Measurements of the contact angle and the tensile strength are realized to have information on hydro-
phobicity and mechanical properties of the PIM. We have shown that D2EHPA is uniformly dispersed 
in the polymer matrix. The mechanical properties are considerably improved through the incorpora-
tion of the optimal content of 15 wt% of AKL. This last reactant makes membrane surface more hydro-
phobic and can be used in purification processes of some acidic effluents from chemical industries. As 
an application, the transport of copper ions from acidic solution through the novel PIM has been inves-
tigated. D2EHPA concentration varied from 0 to 40 wt% and we found out that transport of copper(II) 
increased with the carrier concentration up to 40 wt%. The effect of AKL in membrane composition is 
studied by using PIM containing 15 wt% of AKL. The incorporation of AKL does not induce significant 
increase of the initial flux; nevertheless, the novel PIM has a better stability especially in acidic media.

Keywords: Polymer inclusion membranes; Cellulose triacetate; Lignin; D2EHPA; Copper extraction

1. Introduction

Mining activities have huge impact on the environment 
by generating large amounts of wastewater. Polluted water 
contains heavy metals of elevated concentration. Copper 
represents a highly toxic and bioaccumable heavy metal. 

A number of technologies, that is, chemical precipitation 
[1], adsorption [2], ion exchange [3], membrane processes 
and solvent extraction [4] are available for the separation of 
this element. The major drawback of these techniques is the 
requirement of large amount of toxic solvents, production of 
secondary sludge, high cost, etc.

The polymer inclusion membranes (PIMs) offer high 
selectivity, low extractant consumption, lower operation costs 
and operational simplicity [5]. Recently, the PIM systems 
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have been used as substitute to solvent extraction technique. 
PIMs are formed by casting a mixture of base polymeric sup-
port, plasticizer and ion carrier in volatile solvent such as tet-
rahydrofuran and methylene chloride, and followed by the 
slow evaporation of the solvent [6]. The carrier is essentially 
a complex agent, responsible for binding with the species of 
interest and transporting it across the PIM. The PIM tech-
nology has been efficiently used for both metal ions [5,7,8] 
and organic molecules extraction [1,9]. Several carriers are 
studied to improve metal transport efficiency such as tribu-
tyl phosphate, alamine 336, tri-n-octylphosphine oxide and 
di-(2-ethylhexyl)phosphoric acid (D2EHPA) [10–13].

The use of a suitable carrier immobilized within the poly-
mer matrix results in a high selectivity of these membranes. 
Therefore, PIMs stability, chemical resistance and mechani-
cal strength increase compared with supported liquid mem-
branes in which an extractant is dissolved in a diluents. This 
solution fills the pores of a hydrophobic microporous poly-
meric membrane [14,15]. 

The choice of different PIMs constituents depends on 
both their compatibility to form homogeneous membranes 
and the nature of the treated solutions. Poly(vinyl chloride) 
(PVC), polyvinylidene difluoride (PVDF) and cellulose tria-
cetate (CTA) are frequently used as base polymers to form a 
thin, flexible and stable PIMs. Many studies have reported 
that PVC and PVDF are more stable because of their better 
mechanical strength and chemical resistance [6]. In spite 
of its abundance, the compatibility with many commercial 
extractants, plasticizers and low cost CTA has several disad-
vantages namely low mechanical strength, poor resistance 
to oxidation and hydrolysis in strongly acidic and alkaline 
solutions [16,17]. 

Several studies have been conducted to overcome the 
limitations of CTA by developing mixed matrix-composite 
membranes. These materials are obtained when using two 
interpenetrated components: polymer and filler [18]. Wu et 
al. [19] have demonstrated that the use of biopolymers such 
as starch and lignin, as fillers of cellulose derivate, is advan-
tageous thanks to its ecofriendly and renewable nature. 
Compared with inorganic fillers, natural fillers present some 
well-known advantages such as lower density and price. They 
are biodegradable, renewable, and their mechanical proper-
ties can be comparable with those of inorganic fillers [20].

Lignin, as the second most abundant biopolymeric mate-
rial in the world after the cellulose, could be used as biofiller 
and incorporated in acetylated cellulose for the production of 
composite membranes [21,22]. Lignin’s composite has good 
mechanical properties and a less susceptibility to microbial 
attack resulting in biofouling [19,23]. Manjarrez Nevarez et 
al. [24] have chemically modified the lignin by acetylation 
in order to both change the lignin solubility and increase 
the interaction with the polymer matrix [22]. Membranes 
mechanical properties are related to a good particle disper-
sion of the filler and the carrier as well as to its incorporation 
into the polymeric matrix.

Considering that the plasticizers used in PIMs prepara-
tion are expensive chemicals, the novel PIMs studied in this 
work are significantly cheaper compared with the plasticized 
ones as carrier could act as the plasticizer [25,26]. D2EHPA is a 
highly effective extractant used for the extraction of metal ions. 
D2EHPA was reported to be an efficient carrier for uranium, 

Ni(II), Cd(II), Pb(II) and Cu(II) extraction [10–13]. Advantages 
of D2EHPA are mainly its chemical stability, high extraction 
capacity and low solubility in aqueous solutions. Hence, in 
our study, D2EHPA was selected as extractant-plasticizer [7].

This paper reports on the preparation of a biocompos-
ite inclusion membrane using CTA as a matrix polymer and 
acetylated lignin as a filler, without addition of a plasticizer. 
The selectivity of these membranes is modified by the car-
rier incorporation (D2EHPA). The effects of acetylated lignin 
on the proprieties of the resultant membrane are evaluated 
and analyzed. The resultant PIM is used to extract Cu(II) 
from acidic solution. The long time behavior of PIMs is also 
studied.

2. Experimental

2.1. Chemicals

CTA and lignin kraft (KL; product number 370959) 
provided by Sigma-Aldrich (USA) were used as mem-
brane components to prepare PIMs. D2EHPA (Aldrich 
97%) was used as a carrier and as a plasticizer. Methylene 
chloride (99.9%) was acquired from Sharlab S.L. (Spain) and 
used without further purification as the solvent. Pyridine, 
hydrochloric acid and acetic anhydride were of analytical 
reagent grade and used as-received.

2.2. Lignin acetylation

Lignin used in this work was acetylated with acetic anhy-
dride in the presence of pyridine as a catalyst, leading to 
acetylated kraft lignin (AKL). 

Briefly, the lignin was dried for 24 h at 40°C and acetyl-
ated with acetic anhydride/pyridine (1:1, v/v). The mixtures 
were stirred vigorously at room temperature for 24 h in 
250 cm3 Erlenmeyer. After 24 h, the modified lignin was pre-
cipitated with hydrochloric acid 103 mol m–3 and stirred for 
additional laps of 10 min. The solution was filtrated with a 
vacuum pump and the obtained residue was washed with 
deionized water. Acetic acid and pyridine removal from the 
sample was achieved by repeated rinsing in deionized water. 
The precipitate was dried under vacuum at 40°C for 24 h [27].

2.3. Lignin analysis

2.3.1. Fourier transform infrared spectroscopy 

Attenuated total reflectance-Fourier transform infrared 
(ATR-FTIR) spectra were recorded with a Bruker FTIR spec-
trometer model Tensor 27 equipped with an ATR crystal. A 
total of 32 scans were accumulated in transmission mode 
with a resolution of 2 cm−1.

2.3.2. Nuclear magnetic resonance 

All the experiments were recorded on a Bruker Ultrashield 
Plus 400 spectrometer at 200 MHz, using sample tubes of 
5 mm outer diameter at 21°C. Raw and acetylated lignin 
samples (10 µg) were dissolved in 0.6 cm3 of deuterated chlo-
roform and 1H NMR spectra were recorded. The measured 
chemical shifts, expressed in parts per million (ppm), were 
compared with tabulated values.
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2.3.3. Thermal analysis

The thermal properties were evaluated using thermo-
gravimetric analysis (TGA). The TGA was carried out using 
a Setsys Evolution 16 from SETARAM, thermal analysis 
instrument. A sample of 5 mg of lignin was dried at 100°C 
for 30 min to remove moisture. The TGA scan was achieved 
while heating it from 30°C to 800°C at a rate of 20°C min–1 
under nitrogen atmosphere. 

2.4. Membrane preparation

The membranes were prepared by solution casting using 
CH2Cl2 (Sigma-Aldrich) as solvent. The determined quanti-
ties of CTA and acetylated lignin were separately dissolved 
into methylene chloride and stirred at room temperature 
(25°C) for 4 h.

Solutions were then mixed to obtain a casting one. The 
carrier (D2EHPA) was added to the casting solution under 
continuous magnetic stirring until homogeneous solution 
was obtained. The solution was then uniformly spread over 
an 8.0 cm diameter Petri dish, and covered to assure a slow 
evaporation of the solvent for 24 h. Then, the obtained mem-
brane was carefully peeled off from the glass dishes, dried 
and stored in dry conditions at room temperature [28].

2.5. Membrane characterization

2.5.1. Membrane thickness

The thickness of films was determined using a digital 
micrometer KÄFER by measuring 10 different locations of 
the membrane. The average value was reported with their 
accuracy.

2.5.2. Fourier transform infrared spectroscopy

Measurements were performed with a Bruker FTIR spec-
trometer model Tensor 27 in transmission mode, in the range 
of 400–4,000 cm–1.

2.5.3. Scanning electron microscopy 

Information regarding membrane morphology was 
obtained by scanning electron microscopy (SEM). Images 
were recorded with an electron microscope manufactured 
by Carl Zeiss (Germany) equipped with EDX analyzer.

2.5.4. Contact angle

The contact angle between a pure water drop and the 
membrane surface was performed using an FM 40 Easy drop 
(KRUSS, Germany). The sessile drop technique was used to 
determine the membrane external hydrophobicity.

2.5.5. Mechanical properties

In order to evaluate the mechanical properties of mem-
branes, the tensile strength and elongation-at-break of mem-
branes were measured by tensile tester INSTRON model 
5965L2806. The dried membranes were snipped into a 
shape with a width of 0.002 m and a total length of 0.012 m. 

The stress–strain curves were developed by the instrument 
software and then the tensile modulus was calculated from 
the slope of the initial portion of the stress–strain curves. All 
the samples of membranes were measured at an ambient 
temperature with a stretching speed of 33.4 µm s–1.

2.5.6. Transport experiments

The transport experiments were carried out in a 
two-compartment permeation cell made of Teflon with a 
maximum capacity of 100 cm3. The membrane separates 
the feed solution consisted of 2.5 mol m–3 Cu(II) at pH = 4.5 
adjusted with nitric acid from the receiving solution con-
taining HNO3 5 × 10–4 mol m–3 solution. Both aqueous feed 
and stripping solutions were magnetically stirred at 700 rpm 
at room temperature (25°C). The active surface area of the 
membrane was 7.10 cm2. 0.2 cm3 samples were collected, from 
feed and receiving solutions, at regular time intervals during 
the 24 h duration of the experiment. Cu(II) concentrations 
were determined by atomic absorption spectrophotometer 
(Analytic Jenna model NoVAA400) for each sample.

3. Results and discussion

3.1. Acetylated lignin characterization

Lignin was chemically modified by the acetylation of its 
hydroxyl groups in order to enhance the interaction with 
CTA in the composite. FTIR, nuclear magnetic resonance 
(NMR) and TGA were used to characterize the acetylation 
reaction.

3.1.1. ATR-FTIR spectra

Lignin was chemically modified by acetylation in order 
to change its solubility and increase the interaction with 
CTA. In order to confirm the lignin acetylation reaction, the 
FTIR spectra of acetylated and raw lignin were recorded and 
the results are shown in Fig. 1. The peaks at 1,596, 1,513 and 
1,422 cm–1 are related to the aromatic skeletal vibrations 
and ring breathing with C–O stretching in lignin. The peak 
at 1,700 cm–1 is attributed to the carbonyl groups [18,29]. 
The peak at 2,925 cm–1 can be assigned to C–H stretching 
in aromatic methoxyl groups and in methyl and methylene 
groups [30].
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Fig. 1. FTIR-ATR spectra of raw (KL) and acetylated kraft lignin 
(AKL).
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As shown in Fig. 1, the acetylation of lignin resulted in 
the intensification of the peak between 1,745 and 1,712 cm–1 
due to the new carbonyl groups linked to the lignin as car-
boxyl or ester. The carbonyl bonds in esters result in peaks at 
1,737 cm–1 and a C–O stretching band at 1,138 cm–1.

In addition, the lignin exhibited a wideband around 
3,400 cm–1, which is attributed to the stretching of hydroxyl 
groups in phenolic structures. Acetylation resulted in the 
decrease of the hydroxyl groups [31].

3.1.2. 1H NMR spectra

NMR spectra of raw and acetylated lignin are shown in Fig. 
2. Methoxy protons (–OCH3) give an intense signal centered at 
4 ppm, which does not vary during the acetylation. Acetylated 
lignin gives signals from acetate groups at δ = 2.1 ppm 
(aliphatic acetate) and δ = 2.3 ppm (aromatic acetate) [32,33]. 
Manjarrez Nevárez et al. [18] have reported that protons of 
methoxy groups –OCH3 accord a signal at 3.8 ppm both in 
unacetylated and acetylated lignin. However, the acetylation 
increases proton signals assigned to the phenolic and aliphatic 
acetate groups at δ = 2.3 and 2.1 ppm, respectively.

3.1.3. Thermal analysis

Due to its thermal stability, lignin has an antioxidant 
property, which opposed oxidative degradation of CTA in 
lignin-CTA composite. TGA was used to characterize acetyl-
ated lignin and verify its thermal stability.

TGA curves obtained for unmodified and acetylated lig-
nin are presented in Fig. 3. As can be seen, the initial degrada-
tion of acetylated lignin temperature is marked higher than 
unmodified lignin with values of 200°C and 180°C, respec-
tively [34]. Degradation of acetylated lignin starts due to the 
rupture of ester groups [30]. 

At a lower temperature (<100°C), lignin had a small 
weight loss due to gradual evaporation of moisture; how-
ever, acetylated lignin did not show any weight loss.

The weight loss between 300°C and 400°C is attributed 
to material decomposition of interunits linkage (release of 
phenolics monomers) [35]. The acetylated lignin also tends 
to give a higher residue than untreated lignin. The amount of 
char residue at 800°C was found to be 72% and 56% for AKL 
and KL, respectively.

3.2. PIMs characterization

3.2.1. Membrane preparation and thickness

The prepared membranes containing 15 and 40 wt% of 
AKL and D2EHPA, respectively, appear as homogeneous 
and flexible, while those containing more than 40 wt% of 
D2EHPA were less mechanically stable. Membranes contain-
ing more than 15 wt% of AKL were breakable. As shown in 
Table 1, for the same total weight of the PIMs initial solu-
tion, we observe that the inclusion of D2EHPA into CTA/AKL 
membrane induced its thickness increase (from 31 to 45 µm). 
This latter roughly parallels that of carrier molecular weight. 
The obtained result is in accordance with those obtained in 
other previous studies [10,36].

3.2.2. ATR-FTIR spectra

The infrared spectroscopy was used to determine the 
membrane composition and the type of the interactions 
established between their components.

Fig. 2. 1H NMR spectra of raw (a) and acetylated kraft lignin (b).

Fig. 3. TGA curves of raw (KL) and acetylated kraft lignin (AKL).

Table 1
Thickness and contact angle for CTA, CTA/AKL and CTA/AKL/
D2EHPA membranes

Membrane D2EHPA 
(wt%)

Thickness 
(µm)

Contact 
angle (°)

CTA 0 21 ± 1 46.8
CTA + AKL 0 31 ± 2 76.6
CTA + AKL + D2EHPA 20 40 ± 2 72.8
CTA + AKL + D2EHPA 40 45 ± 4 62.6
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Fig. 4 presents the FTIR spectrum of CTA/AKL/D2EHPA 
membrane. The peak at 1,735 cm–1 is attributed to stretching 
vibrations of the carbonyl group. The bands at 1,230 and 
1,020 cm–1 can be attributed to the stretching modes of C–O 
single bonds. The wide band detected in the 3,600–3,100 cm–1 
region is attributed to the O–H bonds stretching modes 
[10,37].

Table 2 presents the characteristic groups of D2EHPA: 
P–O–C and P–O–H showed an intense band at 1,020 cm–1, 
and P=O stretch frequency was observed at 1,230 cm–1. The 
alkyl groups have been assigned at 2,925 cm–1 (stretching 
vibration), 1,460 and 1,375 cm–1 (–CH2 deformation) [37].

The obtained results showed that, in addition to the 
acetylated lignin and the carrier molecules, all peaks in the 
spectrum of the CTA membrane are present in the modified 
membranes spectra. This indicates that these compounds did 
not form any new covalent interactions, but only secondary 
interactions such as hydrogen bonding or electrostatic inter-
actions. This result is in accordance with those proposed by 
Bayou et al. [10] as well as with observations made by Yildiz 
et al. [11].

3.2.3. Scanning electron microscopy 

Fig. 5 shows SEM micrographs of CTA membranes incor-
porating KL and AKL. The membrane made from CTA and 
KL showed many surface defects. However, the membrane 
made from CTA and AKL (Fig. 5(b)) formed homogeneous 
films with a smooth surface. This result shows both a good 
uniformity and adhesion between the polymer matrix and 
the filler particles. As reported [24], the obtained results 
showed that the acetylation increased the chain length and 

the dispersion of modified lignin in CTA. The cross-section 
image presented in Fig. 5(c) shows that membrane consti-
tuted by CTA and AKL presents a microporous structure.

On the other hand, the SEM images in Fig. 6 reveal that 
the presence of 40 wt% D2EHPA made the membrane surface 
quite rough (Fig. 6(a)). The cross-section image (Fig. 6(b)) 
shows that similar carrier distribution is observed. The car-
rier/plasticizer D2EHPA was entangled in the pores of the 
polymer making a uniform dense structure with no apparent 
porosity. This result reinforces the idea that at high D2EHPA 
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Fig. 4. FTIR spectrum of CTA/AKL/D2EHPA PIM.

Table 2
Identified FTIR-ATR absorption bands in the membrane samples

Peak value (cm–1) Groups

3,600 For CTA O–H
2,925 For AKL C–H (methyl and 

methylene groups)
1,735 For CTA and AKL C–O
1,527 For CTA COO–

1,230 For D2EHPA P=O
1,020 For D2EHPA P–O–C and P–O–H

Fig. 5. SEM images of (a) surface of CTA/KL membrane, (b) 
surface of CTA/AKL membrane and (c) cross-section of CTA/
AKL membrane.
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concentrations (ranging from 40 to 50 wt%), the carrier cre-
ates liquid pathways which assure the transport process by 
such PIMs. Similar results have been already presented in 
literature [28,37,38]. 

3.2.4. Contact angle

From Table 1, we can conclude that CTA has a hydro-
philic character (θ = 46.8°) and after addition of AKL, com-
posite hydrophobicity increased (θ = 76.6°). Similar findings 
were observed in a previous paper [24].

The addition of the organic carrier decreased the con-
tact angle. For CTA/AKL blank membrane (containing no 
D2EHPA) and CTA/AKL membrane containing 20 or 40 wt% 
of D2EHPA, the contact angles decreased from 76.6° to 72.8° 
and 62.6°, respectively (Table 1). This can be attributed to an 
adsorption process on the organic carrier molecules at the 
interface between air and the organic liquid domains, the 
hydrophilic part of the molecule oriented towards the PIM 
interface as it would be expected. D2EHPA decreased the 
resistance against the movement of the water droplet on the 
membrane surface. These results are in good agreement with 
the contact angle measurements reported by others in previ-
ous works [13,16,39,40].

3.2.5. Mechanical properties

Generally, the addition of the filler is known by improv-
ing mechanical properties of the composites [24,30,41]. It 
was found out that the tensile modulus was increasing with 
filler loading. Young’s or elasticity modulus for each mem-
brane was obtained from the slope of the linear part of the 
elastic curve at low deformation. In CTA/AKL nanocompos-
ite, Young’s modulus increased from 0.87 to 2.11 GPa with 
15 wt% modified lignin loading (Fig. 7). The novel membrane 
showed better mechanical performance.

The tensile strength at break and elongation at break 
for CTA and acetylated lignin membranes with and with-
out D2EHPA are presented in Fig. 8. D2EHPA amounts are 

Fig. 6. SEM images of (a) surface of CTA/AKL/D2EHPA membrane and (b) cross-section of CTA/AKL/D2EHPA membrane.
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varied from 0 to 50 wt%. It was clear that tensile strength 
increased gradually as D2EHPA amount increases, which 
confirm that the used carrier D2EHPA acts as a plasticizer 
of the CTA–AKL network. This result is in agreement with 
another work [26]. The tensile strength reaches its maxi-
mum for an amount of 40 wt% of D2EHPA. However, 
it decreased significantly in higher plasticizer level of 
50 wt%. In fact, this result confirms that an excessive plas-
ticizer quantity can reduce the membrane mechanical 
strength.

Results of elongation at break (Fig. 8) show that deforma-
tion of the film increases gradually with the level of D2EHPA. 
This finding could be explained by the corresponding increase 
of the mobility of CTA molecular chain with the increase of 
the plasticizer level making the film more flexible [5].

The tensile strength increased from 47 MPa of CTA/AKL 
membranes (without D2EHPA) to 64 MPa of the optimal 
membrane (containing 40 wt% of D2EHPA). The elonga-
tion-at-break of the optimal membrane composition could 
reach 11.7%, three times more than 3.6% of the CTA/AKL 
membranes. The optimum condition, with best mechanical 
properties, corresponds to 40 wt% of D2EHPA. With this 
composition, our prepared PIM has better mechanical prop-
erties compared with some PIMs described by Vázquez 
et al. [42].

3.2.6. Influence of membrane characteristics on the copper(II) 
transport

Copper(II) transport process with D2EHPA was inves-
tigated by Kavitha and Palanivelu [13]. The driving force 
for the mass transfer is an excess of protons in the stripping 
phase compared with the feed phase. The extraction equilib-
rium can be described by the following reaction: 

Cu2+
aq + 2(HR)2,org ⇄ CuR2(HR)2,org + 2H+

aq (1)

where org and aq stand for organic and aqueous solutions, 
respectively; (HR)2 is a dimeric form of D2EHPA in chloro-
form. The removal efficiency (E) was calculated according to 
the following equation [43]:

E
C C
C

t%( ) = −
×0

0

100  (2)

where C0 is the initial metal concentration (mol m–3) in the 
source solution and Ct is the metal concentration (mol m–3) in 
the source solution at time t.

3.2.6.1. Comparison of the performance of CTA-AKL-based and 
CTA-based PIM The effect of AKL as filler on the extraction 
performance of PIM containing 40 wt% of D2EHPA was 
conducted using a 2.5 mol m–3 Cu2+ solution of pH = 4.5. The 
stripping solution is HNO3 (5 × 10-4 mol m–3). From the data 
reported in Fig. 9, it can be observed that the transport effi-
ciency of copper(II) decreases slightly from 74.4% to 69.4% 
through CTA-based PIM and the CTA-AKL-based PIM, 
respectively. The hydrophilic surface of the CTA membrane 
facilitates the access of extracted solutes to the membrane. 

However, the addition of AKL makes the surface more 
hydrophobic and then makes the diffusion of solutes slower. 
Similar results were obtained in previous works reported 
that chemical composition of the membrane affects their 
transport efficiency [44,45].

3.2.6.2. Effect of the organic carrier concentration The ability 
of D2EHPA in CTA-AKL-based PIM to transport Cu(II) was 
studied. Here, the feed solution was a 2.5 mol m–3 Cu(II), 
pH = 4.5 adjusted with nitric acid. The stripping solution 
was a HNO3 solution (5 × 10–4 mol m–3). The concentration 
of D2EHPA was changed in the range of 10–40 wt% in the 
membrane.

The result of transport experiment using the PIM with-
out carrier showed that in the absence of carrier no trans-
port of copper was detected. This result established that 
the PIM without carrier served as an effective barrier to ion 
permeation. 

The plots presented in Fig. 10 show that Cu(II) extraction 
efficiency increases with the rise of the amount of the car-
rier. A maximum extraction efficiency (74%) was obtained 
for membranes containing 40% carrier with an equilibrium 
reached in about 12 h.

Fig. 11 represents the evolution of copper(II) ions concen-
tration in the feed and stripping solutions and in the mem-
brane phase as a function of time using 40 wt% of D2EHPA 
as carrier in the PIM.

Cu(II) gets transported into the stripping solution with 
the increase in time. As shown in Fig. 11(b), the Cu(II) 
amount inside the membrane rises at the beginning to attain 
a maximum after 1 h of transport and decreases slowly cor-
responding to the progress of Cu(II) discharge into the strip-
ping phase. This result is comparable with that reported by 
Kebiche-Senhadji et al. [38].
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Fig. 9. Amount of Cu(II) transport from feed solution to receiving 
solution (■) with and (▲) without AKL as filler in CTA-based 
PIM containing 40 wt% of D2EHPA. Initial Cu2+ concentration is 
2.5 mol m–3; feed pH = 4.5; receiving solution is 5 × 10–4 mol m–3 
HNO3.
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From the slope of the tangent obtained when plotting the 
copper concentration in the stripping phase as a function of 
time, the initial flux (J0) can be calculated by the following 
equation:

J V
A t0

2

R=   
d Cu

d

+   (3)

where V is the volume of the aqueous stripping solution (m3), 
A is the effective exposed surface area of the membrane (m2) 
and [Cu2+]R is the copper concentration in the stripping solu-
tion (mol m–3) as a function of time (s).

As expected, Table 3 showed that the initial flux value 
increased with the concentration of D2EHPA rise because of 
both enhanced membrane flexibility and larger amount of 
extractant. This may be explained by the increase in D2EHPA 
concentration that would lead to more Cu(II)–D2EHPA com-
plex formation and hence to the increase of its concentration 
gradient. 

By comparing the obtained results to some previously 
reported works using PIMs containing different carriers for 
Cu(II) ions transport (Table 4), it can be stated that there is 
a huge difference in terms of copper flux as one of the most 
interesting findings in this work.

However, higher initial flux are reported by 
Tor et al. [39], who studied the competitive transport of 
Cr(III), Cu(II) and Ni(II) through the PIM with D2EHPA 
as carrier. 

The transport mechanism is the same as proposed 
by Tor et al. [39]. DE2HPA reacts with Cu ions at the feed 
phase–membrane interface by ion exchange of protons. The 
formed complex diffuses across the membrane and the Cu 
ions are released at the membrane–stripping interface due to 
the proton higher concentration. This mechanism is known 
as facilitated transport.
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Fig. 11. Concentration profile of Cu(II) in the feed and strip 
solutions (a) and in the membrane phase (b) as a function of time 
(initial Cu2+ concentration is 2.5 mol m–3; feed pH = 4.5; receiving 
solution is 5 × 10–4 mol m–3 HNO3. D2EHPA concentration in PIM: 
40 wt%).

Table 4
Initial flux of copper using PIMs with different carriers and 
concentrations

Carrier Concentration J0 

(10–5 mol m–2 s–1)
Reference

Lauric acid 2.2 × 10–3 mol m–3 0.12 [15]
DB18C6 1.76 mg cm–2 0.28 [46]
TOA 10–3 mol m–3 0.35 [47]
TIOA 10–3 mol m–3 0.63 [47]
D2EHPA 5 × 10–4 mol m–3 161 [39]
D2EHPA 40 wt% 9.20 This work 

TOA, tri-n-octylamine; TIOA= triisooctylamine.

Table 3
Initial flux J0 values for CTA-AKL-based PIMs with different 
D2EHPA concentrations

D2EHPA concentration (wt%) J0 (10–5 mol m–2 s–1)

10 1.3
20 4.3
30 8.7
40 9.2

Initial Cu2+ concentration is 2.5 mol m–3; feed pH = 4.5; receiving 
solution is 5 × 10–4 mol m–3 HNO3.
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3.2.7. Membrane stability

The stability in acidic solution is the most valuable 
advantage attributed to the novel PIM. In order to test their 
long-term durability, different experiments were carried out 
using the same membrane. At each cycle, lasting for 24 h, the 
two aqueous phases (feed and strip) were replaced. 

The evolution of the flux of copper according to the 
cycle’s number is illustrated in Fig. 12 using membrane con-
taining 40 wt% of D2EHPA, with and without AKL. This 
figure shows that the flux variation with CTA/D2EHPA 
membrane without AKL shows a gradual decrease of Cu(II) 
flux. This can be explained by the fact that CTA is prone to 
hydrolysis under acidic conditions; consequently, the mem-
brane become damaged and missed its properties due to the 
gradual loss of the membrane’s liquid phase [48]. However, 
the membrane incorporating 15 wt% AKL shows that the 
flux variation is insignificant. With this novel membrane, our 
results indicate that no structural weakening was perceived 
corroborating the good stability for at least eight cycles. The 
obtained results are in accordance with those obtained in 
other studies [12,13,49].

4. Conclusion

This paper devoted a new type of biocomposite inclu-
sion membrane. This membrane was prepared by a solution 
casting using modified lignin as a filler, CTA as a matrix and 
D2EHPA as a carrier and plasticizer at the same time. 

Incorporating AKL in the CTA matrix increased the 
hydrophobicity, as evidenced by the higher contact angle. 
The prepared PIMs also showed a good mechanical perfor-
mance, revealing that AKL stands as a good nanofiller lead-
ing to a highest Young’s modulus. Both of the tensile strength 
and elongation-at-break of the blended membranes were 
enhanced due to the addition of modified lignin and the 
plasticizer.

The characterization by SEM and FTIR revealed that 
D2EHPA is well dispersed in the polymer matrix. It con-
stitutes a continuous liquid phase which explains the good 
PIMs transport properties.

The prepared PIM was used for copper(II) ions trans-
port. Compared with the PIM without AKL, the copper flux 
slightly decreased. However, this PIM shows a high oper-
ational stability and the flux remains constant after a long-
term Cu(II) transport. It offers an optimum balance between 
a lower initial flux and a better stability in acidic media.

The PIM under study does not contain a plasticizer, 
meant to lower their price and easy manufacturing. It rep-
resents important advantages for future uses of the process 
on a larger scale. It can also be applied in water purification 
processes, where lignin incorporation would improve the 
resistance of material to bacteria-induced fouling.
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