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ABSTRACT

Solvent extraction of base metals using bis((1-decylbenzimidazol-2-yl)methyl)amine (BDNNN) showed a lack of
pH-metric separation of the metals. The extraction system was described quantitatively using the equilibria involved to
derive the mathematical explanation for the two linear log D vs pH, plots for each metal ion extraction curve, and coor-
dination numbers could also be extracted from the two slopes. The lack of separation was attributed to the absence of
stereochemical “tailor making” since the complexes isolated from the reaction of the ligand, bis((1H-benzimidazol-
2-yl)methyl)amine (NNN), with base metals suggested the formation of similar octahedral complex species from spec-
tral and crystal structure evidence. The bis tridentate coordination observed was in agreement with information ex-
tracted from the extraction data. This investigation opens up an opportunity and an approach for the evaluation of
amines as extractants but cautions against tridentate ligands.
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Chemistry

1. Introduction

There is an increasing demand for substantial production
of metals of high purity in the metallurgical industries in
an attempt to meet the corresponding demand for both
industrial and domestic applications. This has been the
catalyst for the development of simpler and more eco-
nomical routes for purification of metal ions from their
ore solutions. The scale for example of nickel operations
is limited, and therefore one has to maximise profit via
processing efficiency rather than volume. The ultimate
goal is to design processes that are environmentally
friendly, cost-effective, time-saving and selective. Sol-
vent extraction, a widely applied technique for the re-
covery of base metals [1,2], meets some of these princi-
ples since high boiling point and high flashpoint solvents
are used and are recycled together with an extractant af-
ter the stripping step, and the system can be tuned
through appropriate extractant design to achieve selec-
tivity [3]. The basis of base metal ion separation is a
unique property of the coordination chemistry of the par-
ticular metal ion. In the development of a metal ion spe-
cific extractant, it is necessary to consider the charac-
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teristics of the metal ions from which the desired metal
ion must be removed as well as its own [3]. Improve-
ments of the chemical processes in the solvent extraction
system require a thorough knowledge and investigation
of the chemistry involved in order to achieve a meaning-
ful advancement of this technology.

There has been an envisaged shift towards amine-
based extractants, and this is motivated by the favourable
properties that are offered by the nitrogenous ligands es-
pecially the aromatic amines as compared with oxygen-
based extractants [3-5]. Some of these properties include
the intermediate pK, values as well as o and © bonding
capabilities resulting in extractions in the low pH range
and in a possibility of separation through bonding pref-
erences respectively. The latter property has been dubbed
“stereochemical tailor-making” by du Preez [5]. On the
other hand, the strong aliphatic amine ligands with o-
donor only character show lack of relative preference for
the metal ions but this can be improved if chelates are
used, and also tend to form metal complexes at relatively
high pH values which is undesirable [S]. The chelate
effect has also been exploited effectively in a bidentate
aromatic system (1-octyl-2,2’-pyridylimidazole) provid-
ing for effective separation of nickel from other base
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metals in strong acidic sulfate solutions with a possibility
of back-extraction [3].

An extension of these systems to tridentate ligands
would have an additional advantage of increasing the
extraction equilibrium constants [6] due to the high com-
plex formation constants for reactions of base metals and
tridentate ligands [7,8], thereby requiring relatively low
extractant-to-metal ratios to achieve quantitative extrac-
tions [6]. The only example of a tridentate amine extrac-
tant in the literature is that of a derivative of diethyl-
enetriamine [9] but extractions occurred at relatively high
pH values as expected due to high pK, values of aliphatic
amines [8], and the small ApH s values implied a lack of
pH-metric separation of the later 3d metal ions [9]. It
would be hoped that good separation factors of the metal
chelates would be achieved through stereochemical con-
siderations since nickel(Il) is known to form the most
stable spin free octahedral (O;) complexes of all base
metal ions [10] while the copper(Il) and cobalt(Il) ions
tend to form stable tetrahedral (Ty) complexes [4,11].
This study, therefore, also interrogates the coordination
chemistry aspects of base metals, that infuence the extr-
actions, with tridentate amine-based ligands.

In this account, we present the extractive and coor-
dination chemistry of an aromatic tridentate ligand,
bis((1H-benzimidazol-2-yl)methyl)amine (NNN) (Fig-
ure 1(a)), towards base metals in a sulfate/sulfonate me-
dium. Dinonylnaphthalene sulfonic acid (DNNSA) (Fig-
ure 1(b)) was used as a bulky anion to ion-pair and trans-
fer the cationic complexes formed in this extraction sys-
tem (ion-association system) to the organic phase since
the sulfate ion is known to have high hydration energies
leading to lack of phase transferability [12]. The sulfate
medium has become particularly important to explore
since it is encountered in liquors produced in sulfate-
based high nickel matte leach processes or those pro-
duced in sulfuric acid pressure leaching of laterites [13].

2. Experimental
2.1. Materials

o-Phenylenediamine (99.5%, Sigma-Aldrich), iminodi-
acetic acid (98%, Sigma-Aldrich), hydrochloric acid

ool
STTRD

R =H (NNN) and decyl (BDNNN)

(@)

(32%, Merck Chemicals), ammonia (28%, Merck Chemi-
cals), methanol (99%, Sigma-Aldrich), and ethyl acetate
(98%, Sigma-Aldrich) were reagent grade chemicals us-
ed as received for the synthesis of bis((1H-benzimidazol-
2-yl)methyl)amine (NNN). The reagent grade octylbro-
mide (98%) was also obtained from Sigma-Aldrich and
used as received for the synthesis of the extractant.
NiSO4-6H,0 (98%), CuSO4-5H,0 (99%) were obtained
from Merck chemicals. CoSO4 7H,O (97.5%) was ob-
tained from Fluka, while ZnSO,4-7H,0 (99.5%) was ob-
tained from BDH Chemicals. The copper(Il), nickel(II),
cobalt(I) and zinc(Il) perchlorate hexahydrate salts
which were used to prepare the metal(II) sulfonate salts
using toluene-4-sulfonic acid (98%, Sigma-Aldrich) were
obtained from Sigma-Aldrich. Analytical grade reagents
were used without further purification in the preparations
of the 0.10 M metal ion stock solutions in 3 M H,SOy4
solution. The ICP/AAS 1000 ppm metal standards, dis-
solved in 0.5 N nitric acid, were used to prepare standard
solutions for the construction of calibration curves using
distilled, deionized, milliQ water for the dilutions. Di-
nonylnaphthalene sulfonic acid (50 wt% in heptane),
Shellsol 2325 (17 - 22 v/v% aromatic content) and 2-oct-
anol (98%) were obtained from Sigma-Aldrich, Shell
Chemicals (SA) and Merck Chemicals, respectively.

2.2. Instrumentation

'H NMR spectrometry was carried out on a Bruker AMX
400 MHz NMR spectrometer and reported relative to
tetramethylsilane (6 0.00). A Vario Elementary ELIII
Microcube CHNS analyser was used for elemental
analyses. A Thermo Electron (iCAP 6000 Series) induc-
tively coupled plasma (ICP) spectrometer equipped with
an OES detector was used for metal ion analysis. The
Labcon micro-processor controlled orbital platform
shaker model SPO-MP 15 was used for contacting the
two phases of extraction. The pH measurements were
performed on a Metrohm 827 pH meter using a combina-
tion electrode with 3 M KCIl as electrolyte. The metal-
complexes were characterised using infrared spectrome
try on both Perkin Elmer 400 FTIR and 100 FTIR-ATR

(b)

Figure 1. The chemical structures of (a) bis((1R-benzimidazol-2-yl)methyl)amine (NNN for R = H, and BDNNN for R = Decyl)

and (b) dinonylnaphthalene sulfonic acid (DNNSA).

Copyright © 2012 SciRes.
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spectrometers. The solid reflectance spectra of the metal
complexes were recorded on a Shimadzu UV-VIS-NIR
Spectrophotometer UV-3100 with a MPCF-3100 sample
compartment with samples mounted between two quartz
discs which fit into a sample holder coated with barium
sulfate. The spectra were recorded over the wavelength
range of 2000 - 250 nm, and the scans were conducted at
a medium speed using a 20 nm slit width. The Gallenk-
amp melting point apparatus (temperature range, 0°C -
350°C) was used to measure the melting points. The
conductivity measurements were carried out on a A.W.R.
Smith Process Instrumentation cc Laboratory Bench Me-
ter Model AZ 86555 with ABS graphite cell probe using
an aqueous standard which has a conductivity value of
135 ohm™'-cm? mole ™" at 20°C for the calibration. All the
complexes were prepared in DMF as a solvent to a con-
centration of 10~ M for the conductivity measurements.

2.3. Synthesis of the Ligand and Extractant

2.3.1. Bis((1H-benzimidazol-2-yl)methyl)amine
(NNN)

The bis((1H-benzimidazol-2-yl)methyl)amine (NNN) w-
as synthesized as reported elsewhere [14], except that
iminodiacetic acid was used and the decolorization step
using activated charcoal in methanol was necessary. The
characterization data for the white precipitate of the free
base was as follows: Yield: 84%, m.p., 268°C - 270°C.
Anal. Calcd. for C;sHsN4OS (%): C, 65.10; H, 5.80; N,
23.70. Found: C, 65.78; H, 5.80; N, 23.07. 'H-NMR
(CDCl3) 6 (ppm): 4.06 (4H, s, H1), 7.15 (4H, m, H3,H3’),
7.52 (4H, m, H2,H2’). IR (cm'): 3208 v(N-H), 3049
v(sec N-H), 1592 v(C = N).

2.3.2. Bis((1-decylbenzimidazol-2-yl)methyl)amine
(BDNNN)

The alkylated derivative of the ligand was prepared ac-
cording to a literature method [15]. However, the purify-
cation step was carried out as follows: The resulting so-
lution after the removal of the KBr salt was concentrated
via rotary evaporation, and purified using a silica gel
chromatographic column with ethyl acetate/methanol
(4:1) solvent system. After the removal of the solvent by
rotary evaporation the product was obtained as brown oil.
Yield = 67%. Anal. Calcd. for C3sHsoNsO, (%): C, 72.81;
H, 10.01; N, 11.79. Found: C, 72.95; H, 10.61; N, 11.86.
'H NMR (CDCl;) & (ppm): 8 0.89 (6H, t, CHj), 1.13
(24H, m, CH;(CH,)¢), 1.01(4H, t, CH,-CHj3), 1.55(4H, t,
CH,-CH,N), 3.96 (4H, t, CH,-N), 4.02 (4H, s, H1), 7.26
(4H, q, H3 & H3’), 7.28 (2H, d, H2), 7.75 (2H, d, H2’).
IR (cm™): 1522 v(C =N).

2.4. Syntheses of Metal Complexes

All the reactions for the formation of coordination com-
plexes (sulfonate and sulfate compounds) were con-

Copyright © 2012 SciRes.

ducted in absolute ethanol using the toluene-4-sulfonate
salts of the metals, and inert conditions were adopted for
the synthesis. 10 mL of hot ethanolic solution (60°C)
containing 2 mmol of the ligand was added dropwise to
10 mL of the metal ion solution (1 mmol, respectively for
each metal ion). The mixture was heated under reflux
overnight and the precipitate that formed was filtered off,
washed with ethanol and dried.

2.4.1. Sulfate Complexes

[Co(NNN),]SO4-4H,0: Color: pink. Yield = 51%, m.p.,
252°C - 254°C. Anal. Calcd. for C32H3gN|0COOgS (%)ZC,
49.17; H, 4.90; N, 17.92; S, 4.10. Found: C, 49.20; H,
4.46; N, 17.85; S, 4.86. IR (cm'): 3242 v(N-H), 1545
V(C =N), 1037 v5(SO,), 226 v(M-N). Conductivity (107
M, ohm™"-cm* mole "): 66.

[Ni(NNN),]SO,4-3H,0: Color: purple. Yield = 57%,
m.p., 253°C - 255°C. Anal. Calcd. for C32H36N10NiO7S
(%): C, 50.34; H, 4.75; N, 18.35; S, 4.20. Found: C,
50.64; H, 4.74; N, 18.28; S, 4.10. IR (cm™"): 3234 v(N-H),
1538 v(C=N), 1037 v;(S04), 230 v(M-N). Conductivity
(107 M, ohm "-cm?*mole™"): 69.

[Cu(NNN),]SO4-7H,0: Color: green. Yield = 65%,
m.p., 228°C - 229°C. Anal. Calcd. for C32H44N10C1101|S
(%): C, 45.74; H, 5.28; N, 16.67; S, 3.82. Found: C,
4581; H,5.11; N, 16.41; S, 3.44. IR (cm™"): 3233 v(N-H),
1565 v(C = N), 1060 - 1088 v3(SO,), 224 v(M-N). Con-
ductivity (107 M, ohm '-cm* mole "): 71.

[Zn(NNN),]SO4-11H,0: Color: white. Yield = 64%,
m.p., 221°C - 222°C. Anal.Calcd. for C3;Hs;N1¢ZnO;5S
(%): C, 42.04; H, 5.73; N, 15.31; S, 3.51. Found: C,
41.96; H, 5.71; N, 15.00; S, 3.59. IR (cm™"): 3227 v(N-H),
1548 v(C = N), 1037 v3(SOy), 222 v(M-N). Conductivity
(107 M, ohm ™ "-cm?*mole™"): 82.

2.4.2. Sulfonate Complexes
[Co(NNN),](RSO3),-4H,0-2EtOH: Color: red. Yield =
71%, m.p., 225°C - 226°C. Anal. Calcd. for C50H64N10-
Co01,5S, (%): C, 53.66; H, 5.67; N, 12.52; S, 5.73. Found:
C, 53.60; H, 5.34; N, 12.67; S, 5.14. IR (cm'): 3311
v(N-H), 1551 v(C = N), 1150-1161 v3(RSOs), 279
v(M-N). Conductivity (10~ M, ohm '-cm* mole™"): 136.

[Ni(NNN),](RS0O3),-3H,0-2EtOH: Color: purple. Yie-
1d = 58%, m.p., 246°C - 248°C. Anal. Calcd. for CsoHe,-
NoNiO,;S; (%): C, 54.50; H, 5.67; N, 12.71; S, 5.82.
Found: C, 54.43; H, 5.58; N, 12.47; S, 5.70. IR (cmﬁl):
3313 v(N-H), 1550 v(C =N), 1151 - 1164 v5(RS03), 246
v(M-N). Conductivity (10~ M, ohm '-cm* mole™"): 139.

[Cu(NNN),](RSOs),-12H,0: Color: blue. Yield = 68%,
m.p., 201°C - 202°C. Anal. Calc. for C46H68N|0CUO|8SQ
(%): C,46.95; H, 5.82 N, 11.90; S, 5.45. Found: C, 46.48;
H, 5.47; N, 11.76; S, 5.85. IR (cm™"): 3213 v(N-H), 1550
v(C =N), 1147 - 1172 v3(RS0O;), 262 v(M-N). Conduc-
tivity (10° M, ohm " ~cm2-molefl): 141.
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[Zn(NNN),](RSO3),-3H,0-2EtOH: Color: white. Yield
= 62%, m.p., 201°C - 202°C. Anal. Calc. for CsoHgNo-

Zn01:S;(%): C, 54.17; H, 5.64; N, 12.63; S, 5.78. Found:

C, 54.50; H, 5.64; N, 12.30; S, 5.53. IR (cm'): 3304
v(N-H), 1549 v(C=N), 1172 - 1187 v3(RSO;), 258
V(M-N). Conductivity (10~ M, ohm™"-cm*-mole™"): 147.

2.5. Solvent Extraction Procedure

All the extractions were carried out at 25°C (£1°C) in a
temperature controlled laboratory. Equal volumes (10
mL) of 0.001 M metal ion solution (aqueous layer) and
80% 2-octanol/shellsol solution (organic layer containing
the extractant BDNNN and the counterion DNNSA)
were pipetted into 50 mL conical separating funnels. The
contents in the funnel were shaken using an automated
orbital platform shaker for 30 minutes at an optimised
speed of 200 rpm. A minimum period of 60 minutes was
observed before harvesting the raffinates. The raffinates
were filtered through a 33 mm millex-HV Millipore filter
(0.45 pm) and diluted appropriately for analysis by ICP.
The percentage extractions (%E) of the metal ions were
calculated from the concentrations of the metal ions in
the aqueous phase using equation 1 below:

%E:{C"_CSJXIOO (1)
C[
where C; is the initial solution concentration (mg/L) and
C, is the solution concentration after extraction.

The extraction efficiencies were investigated as a func-
tion of pH, and all the extraction curves were plotted
with Sigma Plot 11.0.

2.6. X-Ray Structure Determination and
Refinement

Single crystals of [Cu(NNN),](RSO;), 12H,0, suitable
for X-ray diffraction, were obtained by slow evaporation
of the ethanolic mother liquor of this complex at room
temperature. X-ray diffraction studies were performed at
200 K using a Bruker Kappa Apex II diffractometer with
graphite monochromated Mo Ka radiation (A = 0.71073
A). The crystal structures were solved by direct methods
using SHELXTL [16]. All non-hydrogen atoms were re-
fined anisotropically. C-bound H atoms were placed in
calculated positions and refined as riding atoms, with
bond lengths 0.95 (aromatic CH), 0.99 (CH,), 0.98 (CH;)
A and with Uy (H) = 1.2 (1.5 for methyl) Ue(C). Hy-
drogens bonded to nitrogen were located on a Fourier
map and allowed to refine freely. Hydrogens on water
molecules were restrained to an O-H bond length of 0.84
A and H-O-H angle of 110°. Diagrams and publication
material were generated using SHELXTL, PLATON [17]
and ORTEP-3 [18].

Copyright © 2012 SciRes.

3. Results and Discussion
3.1. Solvent Extraction Studies

These studies were carried out in dilute synthetic sulfate
solutions. The extractant (BDNNN) was used for the
extraction studies while the ligand (NNN) was used to
study the coordination chemistry involved. The compl-
exes of the extractant were oily and not easily isolated
hence we used the NNN ligand for the coordination che-
mistry studies. The decyl groups of the extractant
(BDNNN) would be positioned away from the coordina-
tion sphere and therefore the use of the ligand (NNN)
would not change the coordination chemistry of the ex-
tractant from a steric hindrance point of view.

The use of low pK, groups (benzimidazoles) on the li-
gand was expected to result in metal extractions from
highly acidic solutions in comparison with tridentate ali-
phatic amine extractants based on diethylenetriamine [9].
This was well exploited but also resulted in lack of room
for back-extraction of some metals (like Cu(Il), Co(II)
and possibly Ni(II)) at the “left legs” of their extraction
curves. The lack of pH-metric separation of the base
metal ions, however, was evident from the small ApHj s
values (Figure 2). Interestingly, the order of the extrac-
tion of the metal ions somewhat followed the Irving-
Williams stability order [19] in the shifting of the curves
towards the acidic region with the exception of Co(Il)
and Ni(II) extractions, which could be influenced by ki-
netic effects [20]. It is also noteworthy to report on the
hard ions (Mn*" and Mg*") extracting ability of this tri-
dentate ligand but with rejection of Fe(Ill) in the pH
range 0 - 2.6, which is attractive for the latter but not the
former.

100

80 1

60 -

%E

40 4

20 4

SCeompdq4Oe®

PH,

Figure 2. A plot of %E vs initial pH of equimolar concen-
trations (0.001 M) of Mg¥, Mn?*, Fe*", Fe?*, Co?*, Ni?*,
Cu®" and Zn?, extracted with BDNNN (at M:L ratio 1:40)
and 0.02 M DNNSA in 2-octanol/Shellsol 2325 (8:2) from a
dilute sulfate medium.
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It is clear, therefore, that the move towards tridentate
ligands, even with low pK, aromatic nitrogen groups and
a strong aliphatic amine group, is not sufficient to suc-
cessfully exploit the low pH range interactions with m-
etal ions since extraction isotherms are pushed further
into the low pH range thereby compromising back-ex-
traction. These ligands also lack selectivity for the im-
portant borderline metal ions which can possibly be tun-
ed through bonding preferences. The coordination chem-
istry studies (Section 3.2) were, therefore, conducted to
try and elucidate the underlying aspects of bonding that
influenced the extraction isotherms observed.

In a quantitative treatment for this solvent extraction
system, similar to that applied for a chelating system (HL)
[6], the protonation, complexation and phase distribution
equilibria can be used to describe the system mathema-
tically with respect to the distribution ratio of a metal ion
(M™), and also give insight into the coordination num-
bers involved in the extraction reaction. The protonation
equilibria which were studied using potentiometry in the
pH range of 2 - 10 by Hay et al. [7] showed two con-
stants for bis((1H-benzimidazol-2-yl)methyl)amine (NN-
N, L), and they were 5.64 and 10.12 respectively for the
cumulative protonation steps (LH" and LHz+ ). The spe-
cies distribution plot, constructed from the above con-
stants using the computer program HYSS [21], is given
in Figure 3 for the pH-metric speciation involved for L
in the aqueous phase.

The chelating agent (L) must distribute between the
organic and aqueous phases to effect coordination in the
aqueous phase, and that distribution coefficient is repre-
sented by Kp(L):

(L),0 (L), and K,(L)=

2

100

80 —

7 LH> LH* [ L

% fomration relative to L

T T T T T T T T
3 5 7 9
pH

Figure 3. Protonation species distribution diagram for
bis((1H- benzimidazol-2-yl)methyl)amine (NNN, L).

Copyright © 2012 SciRes.

However, in the aqueous phase the following two pro-
tonation equilibria may exist depending on pH:

(][],

)

(1], [LH7],
a7
Then, the metal ion chelates with the neutral ligand to
form a cationic complex:

LH>* [0 H'+LH', K, = 3)
2 al

LH* H'+L and K, = (4)

[
=t (5)
(M L,

It must be borne in mind, however, that the metal ion
will replace proton(s) in the pH ranges under investiga-
tion but the protonation equilibria will accommodate this
in the mathematical treatment. Finally, the chelate which
is ion-paired by an anion (in our case two sulfonate ani-
ons represented by X™) to form an extractible species,
[ML,]X, distributes itself between the organic and
aqueous phases:

(MLy) +(x™) 0 (ML,X), and

o/a

M"™ +mL[] ML! and K, =

[ML, X],
[ML";]

a

Ky (ML) = (©)

The distribution ratio (D), defined as the ratio of the
concentration of the total metal species in the organic
phase to that in the aqueous (regardless of its mode), is
given by expression 7, on the assumption that the metal
chelate distributes largely in the organic phase and that
the metal ion does not hydrolyse in the aqueous phase.

[MLmX]
Dr~——n= (7
),

Substituting Equations (6) and (5) respectively into
Equation (7) yields Equation (8), depicting the formation
constant and the concentration of the ligand in the aque-
ous phase as important parameters as well as the distri-
bution coefficient of the chelate:

D =K, (ML ) K, [L]" ®)

which can be transformed to Equation (9) if Equation (2)
is substituted into Equation (8), indicating that the con-
centration of L in the aqueous phase is dependent on its
concentration in the organic phase and that its distribu-
tion between the two phases affects the distribution ratio
of the complex formed:
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K, (ML ) K
D= D(—““Zf[L]? 9)
Ky (L)

However, since the extractions are carried out at low
pH, it is necessary to consider the two protonation equi-
libria respectively because these species occur over wide
pH ranges (Figure 3), and competition of metal ions with
protons for the ligand occurs early with pH due to the
higher formation constants [7] compared with protona-
tion constants thereby resulting in release of the protons
from the ligand. Now, substituting Equation (4), and
Equations (3) and (4), respectively, into Equation (8)
yields the following respective Equations (10) and (11):

D:KD(ML‘:;)KfK:;% (10)
(L [

And D =K, (ML} )K.K"K" = (11)

(7],

Therefore, in the pH range where only one protonation
equilibrium (Equation (4)) is involved then a plot of log
D vs pH (from taking the logarithms of both sides in
equation 10) should yield a straight line with slope m
(number of ligands bonded to the metal ion M"™"). But in
the highly acidic region where the second proton equilib-
rium (Equation (3)) is also active, then a plot of log D vs
pH should yield a straight line with slope (2 m).

A plot of log D vs pHe (since the extraction isotherms
relate to the equilibrium condition) for this extraction
system is presented in Figure 4. There is a clear change
in the slope of each curve and respectively become
steeper with an increase in the order of stabilization of
metal ions [19]. The higher pH range for Mg**, Zn*",
Mn?**, Fe*" and Ni*" is represented by a slope in the range
1 - 2 with nickel at m = 1.97 while it peaks close to 3 - 4
(=2 m) respectively at the lower pH range with the ex-
ception of nickel (slope = 15) which gets seriously af-
fected by the extremely acidic medium. This observation
is somewhat in agreement with the mathematical model
described here for this complex equilibria system sug-
gesting two ligands per metal ion are involved in the co-
ordination. These observations (as well as those dis-
cussed below) are also in line with the protonated ligand
species observed in Figure 3 (for the protonation equi-
libria). The extremely acidic region (affecting the copper
and cobalt curves, and to a minor extent the nickel curve
in the acidic end) is only characterised by a slope of ca.
(3 m - 2 m) for copper and cobalt at the higher pH end
(around the pH where other metal ions also have a slope
close to 4). This occurred mainly because our mathe-
matical modelling does not take into account the third
protonation equilibrium which is possible under those

Copyright © 2012 SciRes.
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Log D
(=]

Ni2+
Fe:+
Mn2+
Zn:+
Mg?*
Cu*
COZ-\"

e &+ H v d R X

Figure 4. A plot of log D vs equilibrium pH (pH.) for the
extraction of 0.001 M M?* (M = Mg?®*, Zn**, Mn**, Fe**, Ni**,
Co®* and Cu?") with 0.002 M BDNNN and 0.02 M DNNSA
from sulfate medium.

highly acidic conditions where cobalt and copper are ex-
tracted. This third protonation constant was also not de-
termined by potentiometry by Hay et al. [7] due to the
inaccessibility of the measurement in that pH range by
potentiometry. According to our mathematical treatment,
involving the third equilibrium should result in a slope 3
m = 6 at the lower pH end for cobalt and copper (and to
some extent nickel), however, it is much steeper with
slopes of 12, 15 and 26 for cobalt, nickel and copper re-
spectively.

It is possible, however, that not only the double (slope
=2 m) and the triple (slope = 3 m) protonation equilibria
dominate in the pH range where extractions of copper
and cobalt ions occur but complex multiple protonations
(im,i=1,2,3, ) with i exceeding 3 from the hydro-
gen bonding with the rings’ m electrons [22], hence the
coordination number (m) cannot be calculated accurately
from data in that pH range. It seems though that a linear
plot of the points (calculated at the intersections of the
two lines from each metal ion extraction data) at the ver-
tices of the two linear plots, respectively for each metal
ion, gives a negative slope =~ 1.6 which is in agreement
with the coordination numbers of 2 involved for all the
metals (discussed in Section 3.2), but a mathematical
treatment has not been provided herein. This observation
may be coincidental, and therefore one cannot conclude
on an isolated study. Once it is verified for other extrac-
tion studies with extractants similar to the one studied
here, a mathematical function may be derived.

3.2. Coordination Chemistry Studies

The elemental analyses data suggested the following em-
pirical formulae; [M(NNN),]X-xH,O-yEtOH (M = Co,
Ni, Cuand Zn; X = SO}” or (RSO;),,x=3-12and y
=0 - 2). The involvement of two ligands per metal ion is
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in agreement with what was observed in the extraction
studies. Complexes of Fe(II), Fe(Ill) and other hard ions
could not be isolated with a good level of purity but
bis-coordination is implied by the slopes of the extraction
data. The molar conductivity data in DMF showed that
the sulfate and sulfonate complexes have molar conduc-
tance values of 66 - 82 and 136 - 147 Q"-cm*mol ',
respectively. This indicated that all the sulfate complexes
behaved as 1:1 electrolytes while the sulfonate com-
plexes were 1:2 electrolytes [23]. This behavior in solu-
tion suggested the non-coordinated nature of the counter-
anions. Both the sulfate and sulfonate complexes were
prepared in order to elucidate the nature of these anions
respectively with respect to their innocence to coordina-
tion, and the full structural analyses are discussed in Sec-
tions 3.2.1 and 3.2.2 below. Both the sulfate and sul-
fonate complexes were prepared since the extraction stu-
dies were carried out in a sulfate medium and a bulky
sulfonate anion was also used to replace the sulfate ion.

3.2.1. Spectral Analysis

The C=N stretching vibration of the benzimidazole rings
of the free ligand (NNN) appeared at 1592 cm ' [24,25],
and coordination-induced frequencies were observed in
the range 1548 - 1565 cm™' upon complex formation.
The lowering in the double bond character of C=N is
perhaps due to the influence of the benzimidazole groups
being trans to each other. The far infrared spectra of the
sulfate and sulfonate complexes displayed bands in the
range 222 - 279 cm' which were assigned to the v(M-N)
[26]. A strong and broad peak in the range 1137 - 1188
cm ' and 1050 - 1090 cm ™' was present in the spectra of
sulfate and sulfonate complexes respectively, and this is
typical of the uncoordinated sulfate and sulfonate ions
[27]. The infrared spectra of these complexes suggested
that all the three donor atoms of the ligand are involved
in the coordination sphere and that both the sulfate and
sulfonate anions are non-coordinating. The geometry of
the complexes was confirmed by UV-Vis solid reflec-
tance electronic studies as well as by single crystal X-ray
crystallography (Section 3.2.2).

Three d-d transitions that are expected in the visible
region of the spectrum for an octahedral Co(II) complex
are; 4Tlg(F) - 4TZg(F) (Vl)s 4Tlg(F) - 4A2g(F) (VZ) and
4T1g(F) — 4T1g(P) (v3) [28]. These absorption bands were
observed at 1095, 544 and 482 nm respectively (Figure
5). For the nickel complexes the bands were observed at
919, 585 and 555 nm which may be assigned to 3Azg(F)
— SToF) (), *A(F) — “Too(F) (v2) and CAx(F) —
T, «(P) (v3) transitions respectively for an octahedral
symmetry [28]. The electronic spectrum of the Cu(Il)
complex showed one broad band at 619 nm which was
ascribed to the *B,, — “B,, and, assuming that the second
transition (2B1g - 2Alg) is masked by the intraligand
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transition, this is consistent with a distorted octahedral
geometry [28].

3.2.2. X-Ray Structural Analysis

An ORTEP diagram of the crystal structure of
[CUu(NNN),]J(RSO3),-12H,0 is presented in Figure 6.
The selected crystallographic data is presented in Table
1, and selected bond lengths and angles in Table 2.

The crystal structure of [Cu(NNN),](RSOs3),-12H,0
conclusively depicted that the complex is cationic with
relatively isolated sulfonate anions (Figure 6). The clos-
est contact that the sulfonate ion has with the cationic
molecule is H(23)-O(31) = 2.560(1). The two ligands are

0.20
........ Cobalt
- —— Copper
0.151"
8
< 0.10
0.05 1
0.00

400 600 800 1000 1200
Wavelength (nm)

Figure 5. The UV-Vis solid reflectance spectra of
[M(NNN),]SO4-xH,0 (M=Co, Ni and Cu; x =3 - 12).

N21
N2
3 N25
Ve
pard c23
C22
~ N22 < v@
. j?’osz
031
St 33

Figure 6. ORTEP diagram of [Cu(NNN),]J(RSO3),-12H,0
showing the atom labeling scheme and ellipsoids drawn at
50% probability level. One toluene-4-sulfonate anion and
twelve water molecules have been omitted for clarity.
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Table 1. Selected crystallographic data for

[CU(NNN),](RSOs),-12H,0.

Table 2. Selected bond lengths (A) and angles () for
[Cu(NNN),](RSOs3),-12H,0.

Compound

Bond lengths

Chemical formula

Cs4HgeCuN 40,58,

Formulae weight 4514.66
Crystal color Blue
Crystal system Tetragonal
Space group 14
Temperature (K) 200

Crystal size (mm®)

0.05 x0.11 x 0.50

a(d) 34.4165(11)
b (A) 34.4165(11)
c(A) 9.3238(4)
a () 90
BO) 90
7() 90
vV (AY) 11044.0(9)
z 2
Deate (g/em™) 1358
wmm’! 0.545
F(000) 4696
Wavelength (A) 0.71073
Theta Min-Max (°) 19,283
S 0.98

Cul-N11 1.998(14) Cul-N21 2.045(14)

Cul-N13 2.509(14) Cul-N23 2.547(14)

Cul-N14 2.040(14) Cul-N24 2.012(15)

Bond angles

N11-Cul-N13 77.0(5) N13-Cul-N24 104.0(5)
NI11-Cul-N14 86.5(6) N14-Cul-N21 179.9(8)
NI11-Cul-N21 93.6(6) N14-Cul-N23 105.3(5)
N11-Cul-N23 103.1(5) N14-Cul-N24 93.9(6)
N11-Cul-N24 179.0(6) N21-Cul-N23 74.8(5)
N13-Cul-N14 75.9(5) N21-Cul-N24 86.0(6)
N13-Cul-N21 104.0(5) N23-Cul-N24 75.9(5)
N13-Cul-N23 178.9(4) C22-N23-C23 114.2(14)

Tot., Uniq. Data, R(int) 91906, 13572, 0.095

Observed data [I> 2.0 sigma(I)] 8997
R 0.0507
Ry 0.1218

tridentately coordinated to the copper(Il) ion in the for-
mation of a tetragonally distorted O;, geometry with the
four benzimidazoles in the square plane while the two
aliphatic amines occupy the apical positions. The five-
membered chelate rings have bite angles in the range
74.8° - 77.0°. The aliphatic amines are bonded trans to
each other and the Cu-N lengths of 2.509 and 2.547 A
are rather long possibly due to Jahn-Teller distortion.
However, the Cu-N (benzimidazole) lengths are rather
short (average of 2.014 A) due to the m-acidity character
of the benzimidazole group.

An X-ray crystal structure of the copper complex sim-
ilar to [Cu(NNN),](RSOs3), 12H,0 was presented by
Berends and Stephan [29] but no crystallographic pa-
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rameters were reported because the complete refinement
of the model was unsuccessful, and the ORTEP diagram
presented was based on parameters obtained in “best”
model. A similar nickel complex crystal structure has
also been reported [30,31] but had a different arrange-
ment of the donor groups, for example the aliphatic
amine groups from each ligand were bonded trans to the
benzimidazole group of another ligand. The similarity in
the geometry of these base metal complexes afforded us
to conclude that the lack of pH-metric separation with the
use of bis((1-decylbenzimidazol-2-yl)methyl)amine as
extractant (Section 3.1) is influenced by the lack of ste-
reochemical “tailor making”.

4. Conclusion

The combination of two low pK, aromatic nitrogenous
groups of benzimidazole with a strong aliphatic amine, in
the design of a tridentate ligand, resulted in extraction
curves that are pushed deep as a function of pH possibly
due to the high complex formation constants of tridentate
coordination and the relatively low protonation constants
of the benzimidazole groups. This may compromise the
stripping of the metal ions from the loaded organic phase
through pH adjustment to lower pH. The Fe(IIl) rejection
ability of this tridentate ligand in the range where the
other later 3d metal ions extract is remarkable. It can be
concluded that the exploitation of the subtle sterco-
chemical aspects of coordination for the extraction of
base metals is lacking with tridentate ligands (at least
those of the nature presented here). This leads us to pro-
pose the evaluation of a bidentate derivative, [2-methyl-
aminomethyl-(1-R-benzimidazole), R = octyl or decyl],
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as a potential extractant of base metal ions. We have also
demonstrated, for the first time, that the ion-association
solvent extraction system studied here can be interpreted
quantitatively for the complexation aspect of the forma-
tion of the cationic complex species to describe the two
linear log D vs pH, plots, and to extract information on
coordination numbers from the extraction data using the
respective slopes for each extraction curve.

5. Supporting Information

CCDC 891865 contains the supplementary crystallogra-
phic data for [Cu(NNN),](RSOs), 12H,0. These data
can be obtained free of charge via

www.ccdc.cam.ac.uk/ data request/cif [or from the
Cambridge Crystallographic Data Centre (CCDC), 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44(0)1223
- 336033; e-mail: deposit@c- cdc.cam.ac.uk].
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