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Abstract

Three structurally related novel extractants namely: N,N-dihexylcyanamide (DHCY), N,N-di(2-ethylhexyl)cyanamide (DEHCY) and N,N-di-
octylcyanamide (DOCY) were synthesized in our laboratory and characterized by different techniques. The general method for synthesizing
these extractants was based on the reaction of relevant secondary amines with cyanogen bromide in presence of sodium acetate anhydride. Their
extracting ability in toluene as a diluent for Pd(Il), Pt(IV), Fe(Ill), Zn(II), Cu(Il) and Ag(I) from hydrochloric acid media has been studied. The
extraction of hydrochloric acid was studied also. Pd(II) was strongly extracted by these extractants at low hydrochloric acid concentrations and the
extraction decreased with increasing hydrochloric acid concentration while the reverse was obtained in the extraction of Pt(IV), Fe(Ill) and Zn(II).
Under similar extraction conditions Cu(Il) and Ag(I) were found poorly extracted. Hydrochloric acid was extracted only in its high concentration
region. A systematic investigation has been carried out on the extraction of Pd(II) using two of the synthesized extractants. Pd(II) was extracted as

a solvated complex with the composition, metal:chloride ion:extractant=1:2:2. The extracted species were studied also using IR spectra.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Precious metals, which possess specific physical and chem-
ical properties, are applied to many advanced industrial
technology. Solvent extraction process of the precious metals
and other accompanying base metals are already well estab-
lished as more efficient alternatives to traditional precipitation
techniques [1,2]. Chloride is the most common media into which
all the precious metals, except silver, can be efficiently brought
into solution [1]. Much attention has been paid to the dis-
tribution behavior of major radioactive fission products like
strontium and cesium because of their high toxicity and half-
life. On the other hand, some of less radioactive fission products
have not attracted technological interest, even though imperfect
decontamination of these fission products affects the reactor per-
formance. Palladium is one of elements of this kind, thus there
have been limited works on its distribution behaviors [3,4]. Dif-
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ferent extractants have been developed and employed as solvent
extraction reagents for precious metals for both commercial and
analytical purpose include such diverse types as hydroxyoximes,
alkyl derivative of 8-hydroyquinoline, neutral organophospho-
rus compounds, hydrophobic amine and esters and so on [4—11].
Cyanide ion has been used for a long time for purification of
gold and silver in the well known cyanide process and, con-
sequently, nitrile compounds and soft bases, are considered to
have high affinity for soft Lewis acid metals such as palla-
dium, platinum, gold, silver and mercury [6,12]. Very limited
information reported on their use as solvent extraction reagents.
However, there was no information in the literature regarding
the effect of structure of nitrile compounds on their extraction
behavior towards different metal ions. The nature of alkyl chain
substituents plays an important role for the coordination prop-
erties of amides (CHNO compounds) as extractants as reported
in our previous works in Refs. [13—15]. This work is directed
to synthesis and characterize three novel types of solvent
extraction reagents (CHNcompounds), N,N-dihexylcyanamide
(DHCY), N,N-di(2-ethylhexyl)cyanamide (DEHCY) and N,N-
d-octylcyanamid (DOCY), and to investigate their extraction
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ability in toluene as a diluent for Pd(II), Pt(IV), Fe(IlI), Zn(II),
Cu(Il) and Ag(I) from hydrochloric acid medium. In addition the
extraction stoichiometry of Pd(Il) by DHCY and DEHCY was
also studied. The following effects were investigated namely:
the length of alkyl group on nitrogen atom, hydrochloric acid
concentration, salting-out agent, extractant concentration.

2. Experimental

All chemical used were of analytical grade purity and used
without further purification.

2.1. Synthesis of extractants

The cyanamides chosen for this study are not commercially
available. They were prepared by reaction of cyanogen bromide
with the relevant secondary amine in presence of sodium acetate
[6], according to Scheme 1.

The three cyanamide extractants N,N-dihexylcyanamide,
N,N-di(2-ethylhexyl)cyanamide and N,N-d-octylcyanamid were
synthesized by mixing (0.1 mol) of the corresponding sec-
ondary amines, N,N-dihexyl amine, N,N-di(2-ethylhexyl)amine
and N,N-dioctylamine, respectively, with (0.2 mol) of cyanogen
bromide and excess of sodium acetate anhydride in methanol.
The mixture reaction was overnight refluxed at 60 °C. After fil-
tration to remove sodium acetate, methanol was removed by
distillation under reduced pressure. The crude product was dis-
solved in benzene and washed first by distilled water followed by
4% by weight sodium carbonate solution and 5% hydrochloric
acid solution and finally again with distilled water to a neu-
tral pH. The organic layer obtained was dried overnight over an
excess of anhydrous sodium sulphate. The residue obtained after
evaporation of benzene, was purified under reduced pressure.
The final products were characterized by elemental analysis, IR
and H NMR spectra. The purity of the three synthesized extrac-
tants was higher than 98% and the analytical data of the products
are shown in Table 1.

R

\NH L S OF )\ [——— -
R/ Reflux
R=CsHys

= CsHyy

= CH,CH(C,Hs) C4H,

Scheme 1.

2.2. Extraction

Equal volumes of organic and aqueous phases were equi-
librated for 24h under vigorous mechanical shaking in a
thermosated water bath (25+1°C). The equilibrium period
used is much less than that reported by Inoue et al. [6], who
found that 200 h are required for equilibrium extraction. This
may be related to the type of shaking of the two phases.

After phase separation by centrifugation, known aliquots of
each phase were sampled for analysis. The distribution ratio
(Dym) was measured as the ratio between the concentration of
an element in the organic and its concentration in the aqueous
phases. Aqueous metal solutions were prepared by dissolving
the corresponding metal chlorides in hydrochloric acid solu-
tion except for the case of silver, which prepared from silver
nitrate. A 0.15 M solutions of N,N-dialkylcyanamide in toluene
were used as an organic phase. In all cases aqueous feed con-
tained about 100 ppm of metal chloride or nitrate in HCI solution.
Metal concentrations in the aqueous phase was determined by a
spectrophotometric method [16] using a Shimazu UV-vis spec-
trophotometer model UV-160-A. Pd(IT), Zn(II), Cu(II) and Ag(I)
were measured by the dithizone method at Apax =450, 495,
550 and 462 nm, respectively, while Fe(Ill) and Pt(IV) con-
centrations were determined by thiocynate (Amax =495 nm) and
stannous chloride (Amax =403 nm) methods, alternatively. The
acidity of the organic phase was determined as reported earlier
in Ref. [15].

3. Results and discussion
3.1. Influence of structure

The extraction of Pd(II), Pt(IV), Fe(Ill), Zn(II), Cu(Il) and
Ag(I) from 0.1 M hydrochloric acid with 0.15 M of the different
synthesized cyanamides in toluene are given in Table 2. DEHCY
showed the highest tendency to extract Pd and Pt than the other
two extractants. It was found that the nature of nitrogen atom
substituents in the cyanamides is of importance for Pd, Pt or Fe
extraction. This was verified by a significant decrease in the val-
ues of extraction of Pd, Pt and Fe as the alkyl group is varied from
CgHi3 to CgHy7. The branched alkyl group, bis(2-ethylhexyl),
in DEHCY was found to enhance the extraction of Pd and Pt
compared to the long chain octyl group in DOCY, although both
DEHCY and DOCY have the same number of carbon atoms (no.

Table 1
Some analytical and IR spectroscopic data for the synthesized extractants and its complex
Name Acronym No.of C  Structure MW  Yield (%) C (%) H (%) N (%) vC=N cm™!
atoms -
Free Pd-complex
N.N-di-hexylcyan- DHCY 13 (CsH13)2NCN 210 94 74.11(74.28)  12.31(12.38)  13.39(13.33) 2247 2189
amide
N.N-di-(2-ethylhexyl) DEHCY 17 [CH,CH(C,Hs) 266 91 76.59 (76.69)  12.65(12.78) 10.32(10.52) 2245 2195
cyanamide C4Hg],NCN
N.N-di-octylcyan- DOCY 17 (CgH17)2NCN 266 89 76.31(76.69) 12.21(12.78) 10.19(10.52) 2246 2208
amide

Values in the parentheses indicate expected values.
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Table 2
Influence of alkyl group (R) on the extraction % of Pd(Il), Pt(IV), Fe(Ill), Zn(II), Cu(Il) and Ag(I) from 0.1 M hydrochloric acid solution with 0.15M different
synthesized extractants in toluene at 25+ 1 °C

RyN-C=N
Name Alkyl group (R) No. of C atom Extraction (%)

Pd Pt Fe Zn Cu Ag
DHCY n-CeHj3 13 90 29 23 0.4 0.1 0.2
DEHCY CH,CH(C,Hs5)C4Hg 17 96 36 15 1 0.3 0.3
DOCY n-CgHj3 17 73 3 6 0.9 NE NE

NE: no extraction.

of carbon atoms = 17). These results indicate that the branching clear that from low HCl medium, from 0.01 to 3 M, the extrac-
alkyl group has a great influence on metal extraction. So far, no tion of HCl is rather limited. The extraction of hydrochloric acid
detailed work was reported on the effect of the introduction of =~ was found to increase with increase of its concentration at acid
branched radicals on the N atom of cyanamides. However, the =~ molar concentration more than 3.0. This behavior is a typical

better extraction of branched cyanamide (DEHCY) than the nor- characteristic of cyanamides and different from other organic
mal cyanamide (DOCY) may be related to the electro-inductive ~ extractants such as high molecular-weight amines, with which
effect as well as steric hindrance of DOCY, as the case of car- mineral acids may be extracted at very low acid concentration.

boxylic acid amides [15]. In this concern, our previous work This may be related to the expected basicity nature of the dif-
in Refs. [13,15] studied the extraction of selected actinide and ferent cyanamides extractants investigated as a soft Lewis base
lanthanides metal ions with diamides as a function of the length [6], which has only low affinity for the hydrogen ion, a typical
of amidic alkyl chain (from C4Hg to CgH7), it is found that the Lewis acid.

longer alkyl chain suppresses the extraction. Sasaki et al. [17],
found similar relation which support the present research.

As shown in Table 2, Zn, Cu and Ag are poorly extracted by
DHCY, DEHCY and DOCY in the entire range of acid concen- The variation of the extraction (% E) of PA(IL), Pt(1V), Fe(IID),
trations. The very low values of extraction of Zn, Cu and Ag ZH(H), CU(II) and Ag(I) with DHCY, DEHCY and DOCY
with all the synthesized extractants indicated that the change in as a function of hydrochloric acid concentrations is shown in
structure have no effect on the extraction of these metal ions, Figs. 2-4. It was found that the extraction of Cu(II) and Ag(I) by
Table 2. the synthesized cyanamides is negligible over the whole concen-
tration region of hydrochloric acid. The extraction behavior of
palladium(II) with the three synthesized extractants from aque-
ous solutions at various concentrations of hydrochloric acid has

Due to the nature of nitrogen atom of the nitrile group, 4 maximum at very low diluted hydrochloric acid (0.01 M) equal
cyanamides were found to extract hydrochloric acid into the t0 92, 98 and 71% for DHCY, DEHCY and DOCY, respectively.

organic phgse. .Fig. 1 shows'. the plot of concentration of g s followed by gradually decrease in % E with increasing
hydrochloric acid extracted with DHCY, DEHCY and DOCY Ly qrochloric concentration up to 3 M. At higher HCI concen-

in toluene against that in the aqueous phase after extraction. It is

3.3. Extraction of metal ions

3.2. Extraction of hydrochloric acid
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Fig. 1. Extraction of hydrochloric acid with 0.15 M of the cyanamides in toluene Fig. 2. Extraction of Pd(Il), Fe(Ill), P(IV), Zn(Il), Cu(Il) and Ag() from
at254+1°C. hydrochloric acid solution with 0.15M DHCY in toluene at 25+ 1 °C.
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Fig. 3. Extraction of Pd(II), Fe(Ill), Pt(IV), Zn(I), Cu(Il) and Ag(I) from
hydrochloric acid solution with 0.15M DEHCY in toluene at 25 +1°C.

tration the % E for palladium remained almost constant. The
decrease in % E may be due to the protonation of the ligand
at higher HCI concentration. The strong extraction of palla-
dium only in the low concentration region of hydrochloric acid
solution with these extractants permits an easy stripping of pal-
ladium with higher concentration of hydrochloric acid solution.
The extraction of Fe(Ill) with DHCY and DEHCY was found
independent of HCI concentration in the range 0.01-3.0 M, fol-
lowed by a sharp increase up to the maximum acid concentration
studied, Figs. 2 and 3. Similar behavior was obtained for the
extraction of Pt(IV) with DHCY as shown in Fig. 2. The extrac-
tion of Pt(IV) and Fe(Ill) with DOCY was found to increase
slightly with increasing HCI concentration as well as Pt(IV) with
DEHCY, Figs. 3 and 4. The two extractants DEHCY and DOCY
are similar in the atomic weight and the number of carbon atoms
in the form of n-alkyl groups, however, DEHCY showed the
highest tendency to extract the metal ions under investigations
than DOCY, a behavior which was explained in previous sec-
tion. The extraction data obtained suggesting that the extraction
of palladium and platinum is governed by a different mecha-

Table 3

80
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Fig. 4. Extraction of Pd(II), Fe(Ill), Pt(IV), Zn(I), Cu(ll) and Ag(I) from
hydrochloric acid solution with 0.15M DOCY in toluene at 25 £ 1°C.

nism even with the same extractant. These observations were
also reported for other extractants [2,18]. The extraction of Zn
by DHCY and DEHCY showed similar extraction behavior. Zn
extraction by DHCY was found to slightly increase with the
increase of acid concentration to reach maximum extraction of
about 20% from 7 M HCI followed by slight decrease, Fig. 2.

As shown in Figs. 2-4, Cu and Ag are poorly extracted by the
investigated extractants in the entire range of hydrochloric acid
concentrations, while Zn shows a significant extraction espe-
cially from relatively high acid concentrations. Consequently,
it appears to be very convenient to achieve effective separation
of palladium from the other investigated elements in hydrochlo-
ric acid medium using the synthesized extractants as shown in
Table 3.

It was found that good separation factors of Pd from Pt and
Fe, can be obtained at the very low hydrochloric acid concentra-
tions. On other hand, inclusive separation of Pd(I) from Zn(II),
Cu(II) and Ag(I) can be completely achieved at >0.05M HCI.
As shown in Fig. 4 and Table 3, Pd(II) can be separated from
Pt(IV), Fe(Ill) and Zn(II) at the whole range of hydrochloric

Separation factors of Pd(II) from Pt(IV), Fe(IlI), Zn(II), Cu(II) and Ag(I) from various concentrations of hydrochloric acid with 0.15 M DHCY, DEHCY or DOCY

in toluene at 25 +1°C

[HCI] (M) DHCY DEHCY DOCY
S1 S> S3 Sy Ss S1 So S3 Sq Ss S1 S> S3 Sy Ss

0.01 25.6 38.4 - - - 90.3 8.7 4900 2450 9800 61 40.7 - - -
0.05 25.6 41.1 - - - 55 54 1650 3300 6600 85.3 38.8 - - -
0.1 21.9 32.1 - - - 37.5 4.3 2400 2400 2400 81.3 34.8 244 - -
0.5 11.2 224 - 560 - 29.7 3.1 950 533 3800 42.5 24.3 85 170 170
1.0 5.2 6.1 170 170 - 16.4 2.1 1150 1150 1150 16.6 12.5 100 100 100
2.0 1.7 1.5 30 60 - 4.2 1.9 150 150 300 7.3 6.4 25.5 51 51
3.0 1.3 1.8 11.5 23 11.5 1.3 8.0 20 30 60 2.6 2.6 11.5 23 23
4.0 1.3 2.9 6.5 13 26 1.1 1.5 20.5 41 82 2.5 1.6 12.5 12.5 25
5.0 1.1 4.4 1.3 6 30 1.0 1.9 23.3 31 93 2.8 14 11 16.5 33
7.0 2.9 5.9 1.1 11 16.5 1.4 3.71 3.7 26 39 49 1.2 12.3 24.5 49
8.5 4.0 9.0 1.1 15 30 14 4.5 2.9 24 72 3.5 1.1 24.5 24.5 49

where, Sl = Dpd/Dp[, Sz =Dpd/DFe, S3 = Dpd/Dzn, S4 =Dpd/DCu and Ss = Dpd/DAg.
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Fig. 5. Dependence of Pd(II) extraction on cyanamides concentration in toluene
from 0.035M HCl at 25 £ 1 °C.

acid concentrations using DOCY compared with DHCY and
DEHCY.

To get an insight into the nature of the extracted species of
palladium into the organic phase, the distribution ratios of Pd(II)
from 0.035 M HCI were determined as a function of DHCY and
DEHCY concentrations. The relation between log Dpgq versus
log[extractant] gave a straight line having slopes nearly equal 2
with DHCY and DEHCY, Fig. 5.

The effect of presence of lithium chloride (salting-out agent)
in the aqueous phase on the extraction of Pd(II) and keeping [H*]
constant at 0.03 M HCl by DHCY and DEHCY was investigated.
The relation between [C1™] and distribution ratios of Pd(II) is
given in Fig. 6. The log—log relations fit straight lines of slopes
equal —1.7 and —1.8 for DHCY and DEHCY, respectively.

Based on the these findings, we can suggests that the main
extracted species of Pd(II) is in the form PdCl,-2 L. Therefore,
the extraction equilibrium of Pd, under the present experimen-

m DHECY
10—: ® DHCY

0.1

0.1 ‘ ‘Illllﬂ ' "le‘ﬂo
[LiCI], (M)

Fig. 6. Dependence of Pd(II) extraction on chloride ion concentration in the
aqueous phase with 0.15 M cyanamides in toluene from 25+ 1 °C.

tal conditions, from dilute hydrochloric acid medium can be
represented as follows:

PdCl4>~ + 2L == PdCl, - 2L + 2Cl1~ 1)

where bars denote organic phase species and L denotes the
cyanamides DHCY and DEHCY.

To obtain an insight into the nature of the extracted species by
DHCY and DEHCY, the IR spectra of the organic phase before
and after Pd extraction from 0.5 M HCI were investigated in the
range 4000-400 cm™!. The free nitrile group (C=N) stretching
vibration is at 2247 and 2245 cm~! for DHCY and DEHCY,
respectively. When the concentration of Pd in the organic phase
equals half of the concentration of DHCY or DEHCY, the nitrile
group stretching vibration vanishes and the coordinated C=N
stretching vibration of DHCY and DEHCY with Pd occurs at
2189 and 2195 cm ™!, respectively. These results indicated that
Pd may be mainly coordinated to the nitrile group and extracted
as disolvate with DHCY or DEHCY.

These results may indicate that Pd(II) is coordinated to the
nitrogen of the two cyanamides. The shift observed for the nitrile
band was 50cm™! for DEHCY and 58 cm™! for DHCY. The
high shift for DHCY than DEHCY is expected if palladium
species is more extracted by DHCY than DEHCY, if bonding
is mainly to nitrogen atom. This contradict the experimental
results which indicate that Pd(II) is more extracted by DEHCY
than DHCY. Therefore, bonding of Pd species to DEHCY should
be different than its bonding with DHCY. This was explained
by Inoue et al. [6] who illustrated the chemical structure and
electron density at the functional group and donor atoms of
branched cyanamides (N,N-di(2-ethylhexyl)cyanamide) as cal-
culated by the PM3 type of semi-empirical molecular orbital
method on the software, HyperChem™ Release 4 (Serial No.
51910006221). It was found that the negative charges are
located on the nitrile group and not on the nitrogen atom
in DEHCY. These studies have indicated that both hydrogen
ion and metal ions on the extraction with DEHCY are not
bonded to the nitrogen atom but to the nitrile group, a soft
base. This can be the reason for the smaller shift of the C=N
group of DEHCY than that of DHCY. These results are in par-
allel to that previously reported for amides-U(VI) complexes
[14].

4. Conclusion

From the obtained data it is concluded that:

e Increasing the chain length of the alkyl substituted
cyanamides on the nitrogen atom from CgHj3 to CgHyy
decreases the extraction of Pd, Pt and Fe.

e The very low values of extraction of Zn, Cu and Ag with all the
synthesized extractants indicated that the change in structure
have no effect on the extraction of these metal ions.

e The extraction of hydrochloric acid with cyanamides increase
with an increase of its concentration in the aqueous phase.

e Pd is strongly extracted at low hydrochloric acid concentra-
tion (0.01 M) and shows a maximum around 0.01 M.
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e Cu(Il) and Ag(I) are poorly extracted by cyanamides in
the entire range of aqueous acidity used while significant
extraction, especially from relatively high hydrochloric acid
concentrations, was observed for Pt(IV), Fe(III) and Zn(II).

e The general formula of palladium extracted species is
PdClI,-2L for the cyanamides used.

e The complexation of Pd (II) arises through the nitrile group
of the cyanamides.
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