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In this study, palladium-modifi ed nickel foam substrate was applied to examine ethanol oxidation reaction (EOR) 
in 0.1 The transport of cobalt(II), nickel(II), copper(II), and zinc(II) ions from chloride solutions across polymer 
inclusion membranes (PIMs), which 1-heptylimidazole (1) or 1-heptyl-2-methylimidazole (2) or 1-heptyl-4-methyl-
imidazole (3) as the ion carrier was reported. The steric effect for carriers 2 and 3 decreases the transport of all 
ions except Cu(II). The initial fl uxes of metal ions transport across PIMs with the 1 – 2 decrease in the sequence: 
Cu(II) > Zn(II) > Co(II) > Ni(II), whereas for 3 they were Cu(II) > Zn(II) > Ni(II) > Co(II). The highest 
recovery values were obtained for Cu(II), this being 99 and 85% for carrier 1 and 2, respectively. In both mem-
branes the degree of deposition of the Zn(II) ions was comparable. Zn(II), Co(II) and Cd(II) ions, which form 
complexes with coordination numbers 4 and 6, are more easily recovered with the use of carriers 2 and 3. Ni(II) 
ions, which form complexes with coordination number 6 only, practically remain in the feeding phase. PIMs with 
alkylimidazoles were characterized by non-contact atomic force microscopy. 

Keywords: polymer inclusion membrane, separation ions, steric effect, copper(II), cobalt(II), nickel(II), 
cadmium(II), zinc(II), alkylimidazole.

INTRODUCTION

    The process of metal ions transport through polymer 
inclusion membranes (PIM) may be considered as a co-
upled (combined) process of extraction and re-extraction. 
The reactants which act as extractants in PIM’s are car-
riers of the metal cations. The cations transport and the 
possibility of their selective separation are determined 
by the way the cations react with the carriers and by the 
structure and stability of the complexes being formed1–4.

Alkyl derivatives of imidazole are a convenient gro-
up of bases of which the complex-forming properties 
in respect of transition metals may be predicted and 
programmed in order to differentiate their extraction 
properties so as to improve the selectivity of recovery 
of selected metals5–11. When used as carriers in PIM’s, 
alkylimidazoles provide selective transport of selected 
metal ions12–16.

placed in such positions, the groups constitute a steric 
hindrance making it diffi cult to form a stable coordination 
bond with metal cations5, 9–11, 20–25. As a result of the two 
effects, the 6-coordination (octahedral) complexes with 
2 or 4 substituted alkylimidazoles have lower values of 
their stability constants. The phenomenon is observed 
especially for those metal cations with a rigid, octahedral 
structure of their coordination sphere which is hard to 
deform, for instance Ni(II).

The steric effect much less hinders the formation of 
tetrahedral complexes of 1-alkyl-2-methylimidazoles 
and 1-alkyl-4-methylimidazoles5, 9–11, 20, 21, 25 with cations 
which have an ability to change the shape of a coordi-
nation polyhedron from an octahedron to a tetrahedron 
(equations 1, 2).

 (1)
 (2)

where L denotes the carriers molecule.
The reactions, described by equation (2) and involving 

a change in the coordination number, are typical for 
Zn(II), Cd(II), Cu(II) and Co(II), especially for the 
fourth stage of complexation (n = 4)5, 9–11, 20, 22, 26, 27. In 
such cases, confi guration equilibria are established (equ-
ation 3) between MLn complexes, which have different 
coordination sphere structures, for instance:

 (3)
The occurrence of confi guration equilibria in the n-th 

stage of complexation will lead to higher values of its 
corresponding stability constant, βn, because it is a sum 
of the stability constant of the tetrahedral complex, βt, 
and the octahedral complex βo (βn = βt + βo)5, 10, 20, 25.

Phenomena which change the structure and the valu-
es of stability constants of metal complexes may affect 

Figure 1. Molecule of imidazole

Although a weaker base than ammonia, imidazole (pKa 
= 7.1217) (Fig. 1) forms more stable complexes with 
transition metal cations due to back-donation, therefore, 
it is classifi ed as a soft base according to the HSAB the-
ory18. Its alkalinity and complex stability constants may 
be somewhat improved by substituting an ever longer 
alkyl group in position 119. On the other hand, when 
introduced in position 2 or 4, even small alkyl group will 
increase the alkalinity of a pyridine nitrogen atom by even 
as much as one order of magnitude but will also reduce 
the contribution of the π M←L bond component. When 
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the process of competitive transport of metal cations 
through PIM14–16.

It was the objective of this paper to determine the 
consequences of the steric effect which occurs in imida-
zole carriers on the competitive transport of non-ferrous 
metal cations through PIM. To this end, the authors 
compared earlier reports comprising their fi ndings, where 
1-alkylimidazoles12, 13, 15, 1-alkyl-2-methylimidazoles14, 16 
and 1-alkyl-4-methylimidazoles26 were used as carriers 
of metal cations.

In this work, the authors present results of their investi-
gation of the competitive transportation of the copper(II), 
zinc(II), cobalt(II) and nickel(II) ions across inclusion 
membranes containing 1-heptylimidazole (1), 1-heptyl-
2-methylimidazole (2), and 1-heptyl-4-methylimidazole 
(3) from chloride solutions.

The values of three parameters: initial fl ux (Ji), se-
lectivity coeffi cient (S(M(1)/M(2)), and recovery factor of 
a given metal after 24 hours (RF) were selected for 
the comparative analysis of the transport process. Such 
comparison is feasible because all the studies on the 
competitive transport of metals have been carried out 
by these authors in same conditions, which are described 
in the Experimental part.

EXPERIMENTAL

Reagents
Inorganic chemicals: copper(II), zinc(II), cobalt(II) and 

nickel(II) chlorides or nitrates and tetramethylammonium 
hydroxide were of analytical grade and were purchased 
from POCh (Gliwice, Poland). Aqueous solutions were 
prepared with double distilled water (conductivity 5 
μS/m). Organic reagents, i.e., cellulose triacetate (CTA), 
o-nitrophenyl pentyl ether (o-NPPE), and dichlorome-
thane (all from Fluka) were of analytical grade and were 

Figure 2. Chemical structure of investigated alkylimidazoles

membrane was soaked for 12 hours in distilled water to 
ensure its homogeneity. Two discs were cut out from the 
same preparation to duplicate transport experiments. The 
wet membrane contained 2.67 cm3 o-NPPE /1 g CTA, 
and 0.25–1.5 M concentration of alkylimidazoles (1–3) 
based on plasticizer.

A surface characterization study of the polymer mem-
branes was performed by atomic force microscopy (AFM) 
according to the procedure described in paper28. The 
analysis of surface pore characteristics was made using 
the AFM image processing program NanoScope v.5.12, 
which enabled the calculation of two parameters, rough-
ness (Rq) and porosity (ε). Parameter Rq is the standard 
deviation of the z values within the box cursor and is 
calculated as:

 (4)

where: zi – is the current z value, n – is the number of 
points within the box cursors.

Transport studies
Transport experiments were carried out in a per-

meation cell described in an earlier paper by the same 
authors28, 29. The membrane fi lm (surface area 4.9 cm2) 
was tightly clamped between two cell compartments. 
Both, the source and the receiving aqueous phases (45 
cm3 each) were mechanically stirred at 600 rpm. Metal 
chlorides were used in the source phase whereas the 
receiving phase was deionized water. The concentration 
of each metal ions in the mixture was cM = 0.001 mol/
dm3 The PIM transport experiments were carried out at 
20 ±0.2°C. Small samples of the aqueous receiving phase 
were taken periodically from the sampling port equipped 
with a syringe and analyzed by atomic absorption spec-
troscopy (AAS Spectrometer, Solar 939, Unicam) to 
determine zinc(II), cobalt(II), nickel(II), and copper(II) 
concentrations. The pH of the source phase (6.8) was 
kept constant using tetramethylammonium hydroxide.

The kinetics of the transport across the PIMs was 
described as a fi rst-order process with respect to the 
metal-ion concentration30 expressed by equation (5):

 (5)

where c is the metal ions concentration in the source 
phase at a given time (M), ci is the initial metal ions 
concentration in the source phase, k is the rate constant 
(s–1), and t is the time of transport (s).

To calculate the value of k, ln(c/ci) versus time was 
plotted. The rate constant values for two independent 
transport experiments were averaged and standard 
deviation was calculated. The correlation between 
ln(c/ci) and time was linear, which was confi rmed by the 
high correlation coeffi cient (R2) ranging from 0.9621 to 
0.9995. The permeability coeffi cient (P) was calculated 
according to equation (6):

 (6)

where V is the volume of the aqueous source phase [m3], 
k is the rate constant and A is an effective area of the 
membrane [m2].

The initial fl ux (Ji) is equal to:

used without further purifi cation. Alkylimidazoles 1–3 
(Fig. 2) were synthesized as described in27.

Polymer inclusion membrane preparation
The membranes were prepared according to the 

procedure reported in the previous paper28, 29. A solu-
tion of cellulose triacetate, plasticizer, alkylimidazoles 
(1–3) as ion carriers in dichloromethane was prepared. 
A specifi ed portion of the solution was poured into 
a membrane mould consisting of a 9.0 cm diameter 
glass ring fi xed on a glass plate with cellulose triacetate-
dichloromethane glue. After evaporation of the solvent 
overnight the resulting membrane was peeled off from 
the glass plate by immersion in cold water. Then the 
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 (7)
The selectivity coeffi cient (S) was defi ned as the ratio 

of initial fl uxes for M1 and M2 metal ions, respectively:
 (8)

To describe the effi ciency of metal removal from the 
source phase, the recovery factor (RF) was calculated:

 (9)

The reported values correspond to the average values 
of three replicates, with the standard deviation within 5%.

RESULTS AND DISCUSSION

As demonstrated in a number of papers12–16, 26, 28–31, 
selectivity of transport of the metal ions depends much 
on the physico-chemical characteristics of the polymeric 
inclusion membranes. As claimed in32, 33, both the porosity 
and roughness of the membranes is determined by the 
kind and concentration of the ion carrier. Therefore, 
in the fi rst step of this study, the synthesized polymeric 
inclusion membranes were subjected to microscopic ex-
amination. Figure 3 shows an atomic force microscopy 
(AMF) image of PIM with the carrier 3 in a three-
dimensional form in the 1.0 x 1.0 μm2.

21.1, 16.3 and 18.9%, respectively. The high roughness, 
which equals 3.9 nm, was obtained for 1-heptylimidazole 
(1). The roughnesses of the membrane with carrier (2) 
and (3) are equal to 2.4 and 2.7 nm, respectively. It 
can be assumed that the decrease in the membrane’s 
porosity is due to the increase in the molar volumes 
of the molecules of carriers 2 and 3 in connection with 
the presence of the methyl group in position 2 of their 
rings. The intrinsic molar volumes of carries 2 and 3 
are 169.5 mol/cm3 (HLB = 4.87), while for carrier 1, 
it is 152.26 mol/cm3 (HLB = 8.82). The roughness of 
investigated PIMs is comparable with that found for po-
lymer membrane with derivative imidazole azothiacrown 
ethers prepared by Ulewicz et al.28, which is equal from 
3.3 to 5.3 nm. Also, small values of roughness (equal 
to 4.6 nm) showed polymer membranes with D2EHPA 
prepared by Salazar-Alvarez et al.34.

Figure 3. 3D-view atomic force microscopy (AFM) for PIM with 
1-heptyl-4-methylimidazole 3 

Table 1. AFM characterization parameters for PIMs. Scan 
areas 1 μm2

Table 2. . Initial fl uxes for competitive transport of Cu(II), 
Zn(II), Co(II), and Ni(II) ions across PIM doped 
with 1-heptyl-2-methylimidazole (2) and recovery fac-
tor after 24 h; membrane: 2.6 cm3 o-NPPE /1g CTA; 
source phase: [Me2+] = 0.001M each, receiving phase: 
deionized water, pH = 6.8.

The distribution of the carrier in the investigated 
membrane after evaporation of the dichloromethane is 
homogeneous on the entire surface. One of the mem-
brane’s features is well-defi ned pores. The pores are 
clearly visible as small well-defi ned dark areas. The pores 
on CTA matrix were fi lled with plasticizer (o-NPPE) and 
the 1-heptyl-4-methylimidazole (carrier). The imidazole 
carriers tend to crystallize in the membrane causing 
roughness and differentiated porosity.

In the Table 1 summarized an AFM characterization 
parameters for the polymeric inclusion membranes doped 
with 1-heptylimidazole (1), 1-heptyl-2-methylimidazole 
(2) and 1-heptyl-4-methylimidazole (3) (the carrier). 
The degree of porosity of the investigated membrane is 

In preliminary experiments, no metal ion transport 
across a liquid membrane containing only the support 
(CTA) and plasticizer (o-NPPE), i.e., in the absence of 
an ion carrier was observed. Then, the infl uence of the 
carrier concentration in the membrane on separation 
effi ciency of the Cu(II), Zn(II), Co(II), and Ni(II) ions 
from their equimolar mixture was determined.

The values of initial fl uxes for competitive transport 
of Cu(II), Zn(II), Co(II), and Ni(II) across PIM vs. 
concentration of 1-heptyl-2-methylimidazole (2) in the 
polymer inclusion membrane are shown in Table 2.

The fl uxes of all the metal ions rapidly increase with 
the increase of ionophore concentration in the membrane 
up to a 1.0 M calculation on the plasticizer’s volume. 
The highest initial fl uxes of Cu(II) are found at the 1.0 
M concentration. Above this concentration, the rate of 
Cu(II) ion transport is slightly lower but for the rema-
ining three cations the initial fl ux increases, especially 
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for Co(II) which forms two types of complexes at higher 
concentrations of the carrier (ligand) (eq. 10).

 
In the next experiment, the transport of Cu(II), Zn(II), 
Co(II), and Ni(II) ions into the receiving deionized water 
across a PIM doped with carriers 1-3 was carried out. 
The experimental results are summarized in Table 3. 

The presence of the –CH3 group in position 2 of the 
imidazole ring in carrier molecules decreases the initial 
fl ux (Ji) values compared with carrier 1 of which the 
molecule does not comprise a group creating a steric 
hindrance to combining with metal ions.

Different values of separation coeffi cients were obta-
ined, depending on the carrier used. Introduction of a 
methyl group in position 2 or 4 of the imidazole ring 
(carrier 2 and 3) leads to much lower separation coef-
fi cients. Compared with carrier 1, carrier 2, and carrier 
3 does not differentiate the transport between the ions 
Co(II) and Ni(II).

A more pronounced effect on the differences in trans-
port was observed for carrier 3, where the –CH3 group 
is in position 4 if the imidazole ring: it produced the 
highest values of separation coeffi cients. For the separa-
tion of Zn(II)/Cd(II), ZnCd(II)/Co(II) and ZnCo(II)/
Ni(II), they are 11.6, 24.8 and 33.8, respectively. The 
rate of metal ion transfer across polymer membranes 
containing imidazole derivatives decreases in the order: 
1 > 3 > 2. The highest rates of metal ion transfer were 
observed for the membranes, containing carrier (1): they 
were characterized by the highest porosity (21.1%) and 
roughness (3.9 nm). 

There was a decrease in the stability of all the metal 
complexes due to steric hindrance, which in turn, depends 
on the kind of the central ion (Table 4).

As seen in Table 4 the stability constants for 1-hepty-
limidazole complexes with all metal ions are the highest. 
Stability constants of the Cu(II) complexes are consid-
erably higher than those of Co(II), Ni(II), and Zn(II). 
This may be explained in terms of a larger contribution 
of the pM®L back donation to interaction of Cu(II) with 
the imidazole ring5, 7.

A steric effect, caused by the presence of the –CH3 
group in the position 2 of the imidazole ring, is observed 
to increase selectivity coeffi cients for Cu(II) in respect 
of Ni(II), though only in the case of carriers 1 and 2. 

The Cu(II) ions were transported across PIMs doped 
both with 1 and 2 most effectively from the mixtures. 
Cu(II) ions are much less sensitive to the steric effect, 
because the coordination sphere of Cu(II) is much more 
fl exible, i.e., more readily deformable5, 7, 11, 23, 38. The 
Cu(II) ion can also form 4-coordination complexes11, 21–23. 
Both the enhanced basicity and the steric hindrance in 
the molecule of carrier 2 and 3 slows down the rate 
of transport of the Cu(II), Zn(II) and Co(II) ions, in 
spite of the fact that the ions can form both the 6- and 
4-coordinate species (eq. 2), and in both forms can be 
transported across the membrane.

The Ni(II) ions are devoid of this capability and 
for this reason are only slightly transported across the 
membranes.

Figure 4 shows the dependence the recovery factor 
(RF) of the metal ions from the feeding phase after 
24 hrs during the transport across the 1-heptylimida-
zole (1), 1-heptyl-2-methylimidazole (2) and 1-heptyl-
4-methylimidazole (3) doped PIM.

Table 4. Comparison of the stability constants βn of Co(II), Ni(II), Cu(II), and Zn(II) complexes with 1-heptylimidazole (1), 
1-heptyl-2-methylimidazole (2), and 1-heptyl-4-methylimidazole (3) at 25oC, ionic strength 0.5 mol/dm3 (KNO3)

Table 3. Initial fl uxes, selectivity order and selectivity coeffi cients for competitive transport of Cu(II), Zn(II), Co(II), and Ni(II) 
ions across PIM doped with 1-heptylimidazole (1), 1-heptyl-2-methylimidazole (2), and 1-heptyl-4-methylimidazole (3), 
membrane: 2.6 cm3 o-NPPE /1 g CTA and 1.0 M carriers calculated on plasticizer

(10)
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The highest recovery values were obtained for Cu(II), 
this being 99 and 85% for carrier 1 and 2, respectively. 
In all membranes the degree of deposition of the Zn(II) 
ions was comparable (ca 60%). In the case of Co(II), 
the deposition for carrier 2 and 3 was by 10% and 15%, 
respectively higher than that for carrier 1. 

The steric effect of the carrier hinders the transport of 
Ni(II) ions. The values of RF for Ni(II) ions, decreasing 
in the order: 1 > 2 > 3, are 15, 10 and 8%, respectively.

CONCLUSION

The values of initial fl ux and recovery factors depend 
on the type of carrier used. The steric effect for carriers 
2 and 3 decreases the transport of all ions except Cu(II), 
since they are characterized by plasticity of their coor-
dination sphere and are resistant to a steric hindrance 
resulting from the carrier’s structure.

The initial fl uxes of metal ions transport across PIMs 
with the 1–2 decrease in the sequence: Cu(II) > Zn(II) 
> Co(II) > Ni(II), whereas for 3 they were Cu(II) > 
Zn(II) > Ni(II) > Co(II). The highest recovery values 
were obtained for Cu(II), this being 99 and 85% for 
carrier 1 and 2, respectively. In both membranes the 
degree of deposition of the Zn(II) ions was comparable 
(ca 60%). 

Zn(II) and Co(II) ions, which form complexes with 
coordination number 4 and 6, are more easily recovered 
with the use of carriers 2 and 3.

Ni(II) ions, which form complexes with coordination 
number 6 only, practically remain in the feeding phase. 
Their transport is low and decreases in the order: 1 > 
3 > 2.
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