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Abstract: Solvents based on malonamides have been described to be very efficient and
selective for liquid-liquid extraction of Pd(Il) from nitrate media. The present study
details the possibility to selectively extract Pd(Il) over common metallic cations, Cu(ll),
Ni(l1), Co(ll), Zn(ll), Nd(lI1), Fe(lll) and AI(I) using NN’-dimethyl,N,N -
dibutyltetradecylmalonamide (DMDBTDMA) in toluene. The lowest selectivity was
obtained considering Fe(lll) and Nd(Ill), the extraction of all other cations being
negligible. Pd(I1) distribution and selectivity regarding Fe(lll) have been fine-tuned using
the aqueous HNOj3 concentration as the sole parameter, so that extraction, scrubbing and
stripping steps can be simply designed without the need for other specific metal chelating
reagents and/or aqueous media, and without the extensive generation of aqueous
effluents. DMDBTDMA was also benchmarked with other classical Pd(ll) extractants
such as tributylphosphate (TBP), dihexylsulfide (DHS), tetraoctyl diglycolamide
(TODGA) and bis(2-ethylhexyl)sulfoxide (BESO) in toluene and in n-heptane. Overall,
this study reveals that malonamides are very well positioned and should be considered for
further processing of aqueous nitrate wastes containing Pd contaminated with common

base metals.
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INTRODUCTION

Palladium (Pd) is a precious metal which has been the focus of extensive efforts for an
efficient recovery from various wastes [1-4]. Generally, leaching of precious metals from
wastes such as end of use automotive catalysts or shredded electronic scraps is performed
in aqua regia, a mixture of nitric and chlorhydric acid, but there is also a peculiar interest
on leaching with sole nitric acid (HNOg3) as Pd is highly soluble in this medium, along
with silver (Ag), on the contrary to gold (Au) and platinum (Pt) [5,6]. As a consequence,
various industrial effluents containing Pd in HNOj3 with variable amount of chloride ions
have been described [7,8]. Furthermore, the reprocessing of electronic scrap often
involves a first leaching step in concentrated HNO3 alone, to remove most of base metals
and enable a more efficient subsequent Au leaching in aqua regia [9,10]. Most Ag is lost
during this first HNOj3 leaching, and the outcome of Pd is not clear: although it is likely
that Pd is also contained in these solutions, no Pd content has been reported to our
knowledge. Altogether, there is a need for robust solutions to process HNO3 streams
containing Pd more or less contaminated with other base metals such as Fe, Al, Cu, Ni,
Zn... These streams may contain Pd at relatively high concentrations (up to several g/L),
or at low concentrations (10-250 mg/L) according to their origin [11-16]. Recovery of the
Pd from these solutions has been envisioned according to different techniques, such as
precipitation [17], solvent extraction [18], solvent impregnated [19] or chelating resins
[20,21]. Recently, we reported that N,N’-dimethyl,N, N -dioctylhexylethoxymalonamide
(DMDOHEMA) is an unexpectedly good candidate to extract Pd from nitrate media, as
the 1,3-propanediamide (malonamide) moiety presents the adequate geometry to
efficiently chelate the Pd(Il) cation [22]. Also, we demonstrated that although this

molecule was initially designed to purify lanthanides form minor actinides with solvent
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extraction, its selectivity for Pd(ll) regarding Nd(Ill) can be tuned according to the
diluent and/or the HNO3 content of the aqueous phase [23]. Selectivity factors (Spgng =
Drd/ Dnd) exceeding 20 with solvents based on DMDOHEMA at concentrations ranging
from 0.3 to 0.6M have been obtained, either at low acidity in aliphatic diluents (n-
heptane), or at high acidity in aromatic diluents (toluene). This selectivity is the result of
the control of the aggregation of the organic phase, and does not rely on modification of
the aqueous speciation of the cations (with addition of specific chelating agents for
instance). Furthermore, Pd distribution coefficient (Ded) lies around 10, without
optimization, suggesting that both efficient extraction and easy stripping of Pd can be
envisioned with this system. Thus, we decided to explore whether it is possible to exploit
these results to develop a straightforward process for selective Pd recovery from nitrate
aqueous solutions based on a malonamide solvent.

The purpose of this article is to present in detail the design of a malonamide based
solvent, that enables selective Pd(Il) extraction, in the presence of base metals, such as
Fe(l11), AI(II), Zn(I1), Cu(ll), Ni(ll), Co(ll) and lanthanides, especially Nd(II). As
previous reports on closely related N,N-tetrasubstituted malonamides, bearing or not an
alkyl chain on the central carbon atom, reported that Fe(lll) can be very efficiently
extracted [24-26], we focused part of our study on the Pd(I1)/Fe(l1l) separation. We also
explored the scope and limitations of this solvent, with regard to some other potentially
usable solvents based on commercially available extractants, tributylphosphate (TBP),
dihexylsulfide (DHS), and bis(2-ethylhexyl)sulfoxide (BESO). Finally, we modelled a
possible process with Fe(lll) scrubbing and Pd(Il) stripping sections employing only
diluted HNOj3 aqueous solutions, ie without the need for changing aqueous media nor

specific metal chelating anions.



10

15

20

25

EXPERIMENTAL

Chemical Reagents

DMDOHEMA and N,N’-dimethyl,N,N -dibutyltetradecylmalonamide (DMDBTDMA)
(Figure 1) were kindly provided by the CEA, France (DEN/MAR/DRCP). Production
was performed by Pharmasynthese (former Panchim), France, purity is 98% and the
products were used without further purification. Palladium(ll) nitrate hydrate
(Pd(NO3)2.xH0, ca. 40% Pd, 99.9% Pd), Iron(ll1) nitrate nonahydrate (Fe(NO3)3.9H,0,
98+% Fe), Copper(ll) nitrate trinydrate (Cu(NO3)2.3H,0, 99.5% Cu), Aluminium(I1I)
nitrate nonahydrate (AI(NO3)3.9H,0, 98+% Al), Neodymium(lll) nitrate hexahydrate
(Nd(NO3)3.6H,0, 99.9+% Nd), Cobalt(ll) nitrate hexahydrate (Co(NO3),.6H,0, 99%
Co), Nickel(ll) nitrate hexahydrate (Ni(NOg3),.6H,0, 99.9% Ni) and Zinc(ll) nitrate
hexahydrate (Zn(NOs),.6H,0, 98+% Zn) were purchased from Strem. Organic diluents
(n-heptane, toluene, chloroform), concentrated hydrochloric and concentrated nitric acids
were purchased from Carlo Erba reagents. Lithium nitrate (LINO3), TBP (97%) and DHS
(95%) were purchased from Sigma-Aldrich, BESO (98%) from Alfa Aesar. All reagents

were used without further purification.

Solvent Extraction

Extractions were performed in vials with an organic phase containing extracting molecule
and diluent and an aqueous HNOg solution containing a mixture of metallic cations in
known concentrations. Aqueous phases were prepared by dilution of stock solutions of
each metallic cation (5 g/L) into a 6M HNO3 aqueous solution, prepared by dissolution of
the corresponding salt into a 6M HNO3 aqueous solution, optional addition of LiNO3, and

the final HNOj3 concentration was adjusted with deionized water. Organic phases were
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prepared by dilution of DMDOHEMA, DMDBTDMA, TBP, DHS, BESO, or TODGA in
the appropriate diluent and were pre-equilibrated with the adequate aqueous phase
containing all reagents except the metallic cations to study. Unless otherwise noticed in
the text, the volume of the organic phase was 1 mL, and the volume of the aqueous phase
was chosen according to the A/O ratio detailed in the text. The two phases were
vigorously shaken at 1000 rpm with an IKA-Vibrax VXR basic shaker in a 20-22°C
environment. The tubes were removed and centrifuged for 5 min or until complete phase
separation and the phases were separated, and 500 uL of each phase were taken for

analysis.

The aliquot of the aqueous phase was directly diluted into a 2% HNO3/HCI aqueous
solution (90/10). Metals contained in the aliquot of the organic phase were back-extracted
with 800 L of an aqueous 0.1 M thiourea solution at 20-22°C for 1 h. Both phases were
separated, and 500 uL of the resulting aqueous solution were taken and diluted into a 2%
HNO3/HCI aqueous solution (90/10). Preliminary studies showed that Pd(Il) as well as
other metals were totally stripped with this process, and that no metal precipitation
occurred until analysis. Dilution factors were chosen so that metal concentrations are not
above 20 mg/L, with a minimum 10 fold dilution to avoid matrix effects. Concentrations
of each metal in both aqueous phases (extraction and stripping phases) were determined
by inductively coupled plasma atomic emission spectroscopy (ICP/AES, SPECTRO
ARCOS ICP Spectrometer, AMETEK Materials Analysis). Standards at 0 mg/L; 0,5
mg/L; 1 mg/L; 5 mg/L; 10 mg/L and 15 mg/L were prepared by dilution of 1,00 g/L
solutions (SCP Science) into a 2% HNO3/HCI aqueous solution (90/10). Given
concentrations are calculated as the means of three replicates on three different

wavelengths for each metal; relative standard deviations were determined and lie between
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1 and 4%. Quantification limits were determined for each metal from the background
equivalent concentration (BEC) calculated by the spectrometer for each optical line and

are summarized below (Table 1).

Concentrations of each metal after extraction experiments were compared to the
concentrations of same metal in the initial aqueous phase before contacting the aqueous
layer with the organic layer. The distribution ratio, D, was calculated for each metal as
the ratio at equilibrium between the total concentration of said metal in the organic phase
and the total concentration of said metal in the aqueous phase. Confidence intervals were
determined taking into account the error of the spectrometer and the precision of the
materials employed for dilution, and relative errors were found to lie between 5 and 10%.
Unless otherwise stated in this article, all results show a total mass balance (determined
assuming that the volume change of each phase can be neglected) in each metal

comprised between 95 and 105% of the initial metal load in the aqueous phase.

HNO; concentration determination

Concentration of HNOj3; in both aqueous and organic phases was obtained after
potentiometric titration using a Mettler DL77 Titrator equipped with a combined glass
electrode for pH measurements. The aqueous phase was directly analyzed, the organic
phase was beforehand diluted with ethanol (5 mL for 100 pL of organic phase), then
water (15 mL). Acid-base titration was carried out using 0,010 M aqueous NaOH. HNO3
distribution ratio (DHNO;) was then obtained after pre-equilibration of solvent in different
conditions as the ratio at equilibrium between the HNO3 concentration in the organic

phase and the HNOj3 concentration in the aqueous phase.
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RESULTS AND DISCUSSION

Composition of solvent

Following our fundamental studies related to the Pd(I1)/Nd(IIl) separation [22,23], we
screened the extraction of several common metallic cations with DMDOHEMA in n-
heptane in order to determine the scope of the selectivity of Pd(Il) extraction with this
malonamide (Figure 2). We focused on +II and +I1I cations regularly found in metallic
wastes such as waste of electric and electronic equipment (WEEE), varying the
DMDOHEMA concentration in the solvent, and the agueous HNO3 concentration. Both
parameters have a positive impact on metallic cations extraction, and a negative impact
on Pd/Nd selectivity (Spgng). This negative impact on selectivity is principally due to the
increase of organic phase aggregation induced by the HNO3 extracted from the aqueous
phase. No noticeable extraction of Cu(ll), Ni(ll), Co(ll), Zn(I1) or Al(1Il) was found. The
only other metallic cation extracted is Fe(lll), only when the aqueous HNO;
concentration is important ([HNOgz],q > 3M). Extraction yields of Nd(Ill) are always
higher than those of Fe(lll), except at 5 M aqueous HNOg, thus Nd(I11) can be employed
as a reference cation in order to propose a selective solvent. Pd(Il) extraction becomes
significant either when DMDOHEMA concentration in the solvent is high or when
aqueous nitric acid concentration is high (as long as [HNOs]sq remains below 6 M,
otherwise competitive HNOj3 extraction leads to a drop in Pd(Il) extraction [22]). As a
consequence, there is a compromise to find between high selectivity and sufficient Pd
distribution coefficient (Drd). In our previous studies, we demonstrated that a ca. ten fold
increase in Pd/Nd selectivity can be obtained with toluene as a diluent [23]. This change
in diluent is important to take into consideration, as with DMDOHEMA in n-heptane, we

previously reported that Drd above 10 are only obtained when Nd(111) is also significantly
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extracted (Table 2). Also, organic phase splitting can arise when Pd(11) load in the solvent
reaches 2,5 - 10 g/L [22]. Latter splitting is due to the precipitation of a Pd(ll)-
DMDOHEMA complex, fully soluble in toluene, so that no organic phase splitting was
observed using this diluent. Using DMDOHEMA in toluene, it is thus possible to have
both a Ded above 5 along with Spgng above 10, eg. using 0,3 M DMDOHEMA with a 4
M [HNOg3]aq aqueous solution, or 0,4 M DMDOHEMA with a 3 M [HNOs],q aqueous
solution (Table 2).

DMDOHEMA has been chosen for the partitioning of trans-uranium elements from high
level liquid waste in the reprocessing of spent nuclear fuel according to its affinity for
both lanthanides(l1l) and actinides(lll) [27]. The former malonamide reference [28],
N,N’-dimethyl, N, N -dibutyltetradecylmalonamide (DMDBTDMA, Figure 1), has been
discarded in these studies, although it is easier to prepare (the central carbon atom chain
does not need to be synthetized separately). This extracting molecule is also very stable
in nitrate media [29]. As a consequence, we compared both malonamides with toluene as
a diluent (Figure 3). As expected, Nd distribution ratios are lower with DMDBTDMA
than with DMDOHEMA: at 5 M [HNOg3]yq, Dnd is 0,3 with DMDBTDMA and 0,7 with
DMDOHEMA. More surprising is the increase in Drd: these were found about twice
bigger with DMDBTDMA than with DMDOHEMA. Altogether, Spgng are 4 times
bigger with DMDBTDMA than with DMDOHEMA, especially in the conditions where
Pd is well extracted, ie above 3 M [HNO3z],q. With DMDBTDMA in toluene, it is
therefore possible to find adequate conditions for efficient Pd(Il) extraction and
separation from Nd(I1I), and as a consequence for other multivalent cations evaluated

previously.
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Modelling of counter-current process

With the so gathered data, it is possible to model the behavior of each metal during
extraction and back-extraction steps. Therefore, we devised a counter-current process
based on a classical three steps sequence, extraction, scrubbing and stripping, to
demonstrate the potential interest of the DMDBTDMA based solvent. Modelling was
performed with the assumption that equilibrium is reached in each stage, and that both
phases are always far from saturation, which was checked at the end of the process. The
model is base on an initial 3 M HNOj3 aqueous solution containing 100 mg/L Pd(Il) and
2000 mg/L Fe(lll), and 0,6 M DMDBTDMA in toluene. Each step was decomposed in
Six stages.

The Pd extraction step is easy to model as the aqueous HNOj3 concentration remains
constant all along the different stages. In the chosen conditions, with an aqueous to
organic flow phase ration (A/O) of 5, and previously determined Drd = 15,6 and Dre =
0,32, after the 6 stages, more than 99,9% of the Pd and 6,4% of the Fe are extracted
(Figure 9). The extract contains then 500 mg/L Pd and 640 mg/L Fe. The A/O ratio can
be chosen according to the distribution coefficients in order to maximize Pd extraction
yield and minimize Fe extraction yield; both can be exactly calculated after each stage

according to equation (1), where N the stage number:

N
Yield = A% : é%# 1)
a) -1

The loss in Pd can be deduced and its expression simplified into equation (2) taking into

D N+1
account that (VM) > 1:
[0}

Pd loss ~ — 2
z
A/O

10
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And the amount of Fe extracted can also well be estimated with equation (3) as in this

D N+1
case (A;e) KL 1
(0]

Yield(Fe) ~ ﬁTFO (3)

The Fe scrubbing step was then modelled following a two-stage operation. First of all,
the HNO3 concentrations in organic and aqueous phases were determined for each stage
according to the procedure presented beforehand, ie using the linear model determined
for Dunos. Then, from the aqueous HNO3 concentration at equilibrium in each stage, both
Drd and Dre were deduced, and the concentrations of each metallic cation at equilibrium
in each stage calculated consequently, taking into account mass balance. Overall Pd loss
and Fe scrubbing yield are finally obtained through the comparison on input and output
quantities. Different aqueous HNOj3 solutions and various O/A ratios were evaluated, and
a good compromise consisted in the use of a 1,2 mol/L aqueous HNOj3 solution with an
O/A flow ratio of 5 (Figure 10). With these parameters, the loss in Pd is 1,5%, and the Pd
purity in the organic phase is over 99,5% (99,7% Fe scrubbing). The HNOj3 concentration
in the organic phase decreases regularly along the stages, so that at final stage, the
organic phase is equilibrated with a 1,8 M aqueous HNOj3 solution. At this point, Dre =
0,008, and Spyre = 465: the slight decrease in HNO3 content in both phases enables to
keep Pd in the solvent with minimal losses, along with a drastic increase in the selectivity
regarding Fe, which enables complete scrubbing of Fe from the solvent.

A similar strategy was adopted in order to strip Pd from the organic phase, this time with
water. The decrease in HNOj3 content in the organic phase is much more pronounced as
the distribution coefficient of HNO; also decreases when the amount HNO;3; in the

aqueous layer decreases ([HNOs]4q is below 2, see Figure 8). Practically, more than 90%

11
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of the HNOj is stripped from the organic layer during the first stage. As a consequence,
Drd drops and Pd can be easily stripped from the organic layer within a few stages. The
only concern is the stability of the Pd(Il) solution along the different stages: to avoid
Pd(11) hydrolysis, we preferred to model the process employing a 5.10 mol/L aqueous
HNO; solution (Figure 11). The results are very similar to stripping with H,O only,
except that aqueous and organic layers equilibrate so that [HNOs]yq = 5.10 mol/L. Pd is
quantitatively (more than 99,9%) stripped from the organic phase after 6 stages, and the
final aqueous Pd solution contains ca. 1 g/L Pd. At such a concentration aqueous Pd(1l)
can be easily processed in order to isolate a salt such as PdCI,(NHz3), after precipitation
with ammonium chloride (or ammonia then chlorohydric acid) [43]. Overall, with such a
process, starting from an aqueous HNOg; solution containing rather diluted Pd(ll)
(100 mg/L) and concentrated Fe(l11) (2 g/L), a 1 g/L Pd(Il) agueous solution can be easily
obtained, with minimal Pd loss (1,5 %), excellent purity (more than 99,5 %), and
generation of only 1/5™ of the initial volume of an aqueous effluent (resulting from Fe
scrubbing), fully compatible with the raffinate for further elimination or possible
valuation. Furthermore, the final organic phase does not contain any undesired reagent
(specific Pd(Il) chelating agents for instance) that could disturb re-introduction of same
solvent in a next extraction step, so that solvent regeneration may be straightforward,
even not necessary. The excellent stability of DMDBTDMA regarding aqueous HNO3
may indeed protect from a systematic solvent regeneration.

Although they rapidly revealed possible issues from the extraction step, the use of sulfur
based reagents such as BESO or DHS could also be envisioned. However, back-
extraction of Pd(Il) from solvents based on these reagents requires the use of a specific
aqueous layer containing a Pd(Il) stabilizing agent (ammonia, thiourea, thiocyanate...).

The switch from nitrate media to other media generally leads to the generation of more

12
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aqueous effluents, as solvent needs to be washed and re-equilibrated with HNO;
afterwards prior to re-employment in the extraction step. Although we did not investigate
in detail these steps with the same parameters employed in the proposed process
modelling, it remains certain that the malonamide based process is the more

straightforward and simplest which can be envisioned.

CONCLUSION

During this work, the efficiency and selectivity of Pd(Il) extraction with DMDOHEMA
and DMDBTDMA based organic solvents from nitric media have been characterized in
detail. Excellent selectivity regarding metallic cations commonly found in various wastes
has been demonstrated. The only problematic cation encountered is Fe(lll), as the Pd(ll)
selectivity regarding this cation drops below 50 when a sufficient Pd(Il) distribution
coefficient is desired. However, a process based on extraction of Pd(I1) with some Fe(l11),
followed by Fe(l1l) scrubbing with diluted aqueous HNOjs is easily conceivable. The use
of 0,6 M DMDBTDMA in toluene was demonstrated to be efficient after modelling of a
simple counter-current process. Furthermore, such a process does neither generate
extensive aqueous effluents, nor require extra specific Pd chelating reagents. These
results are of great importance as these parameters are too often neglected during the
studies of new extraction solvents. Overall, the efficiency of malonamides regarding Pd
isolation and purification is excellent in regard with common reagents regularly
considered for further processing of agueous wastes containing Pd. Further studies will
be devoted to the processing of available wastes and dedicated to the re-employment of

the solvent, including long term stability studies of the malonamides in the process.
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15 concentration 100 mg/L (for each cation), aqueous/organic phase volume ratio 1, 1 h extraction.
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Figure 3. Distribution ratio of Pd(Il) (Drd) and Nd(Ill) (Dnd), along with Pd/Nd selectivity
(Spaing) after extraction with DMDOHEMA or DMDBTDMA in toluene. Extractant concentration
0,3 mol/L, initial [Pd],q 100 mg/L, initial [Nd].q 400 mg/L, aqueous/organic phase volume ratio 1,

1 h extraction.
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Aqgueous/organic phase flow ratio 5, distribution ratio at equilibrium Dpd = 15,6 and Dre = 0,32.
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Figure 10. Modelling of a six-stage counter-current Fe scrubbing of an organic phase (0,6 mol/L
DMDBTDMA in toluene, initial [Pd]oy 500 mg/L, initial [Fe]oq 640 mg/L, initial [HNOg]org 0,63
mol/L) with an aqueous 1,2 mol/L HNO; solution. Organic/agueous phase flow ratio 5, HNO;
distribution ratio DHNo; fitted in order to comply with equation depicted on Fig. 8, Pd and Fe
distribution ratio Drd and Dre considered at equilibrium and calculated according to equations
depicted on Fig. 7.
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Figure 11. Modelling of a six-stage counter-current Pd stripping of an organic phase (0,6 mol/L
DMDBTDMA in toluene, initial [Pd]oq 493 mg/L, initial [HNOg]oq 0,29 mol/L) with an aqueous
5.10 mol/L HNOj; solution. Organic/aqueous phase flow ratio 2, HNO, distribution ratio DHNO;
fitted in order to comply with equation depicted on Fig. 8, Pd distribution ratio Drd considered at
equilibrium and calculated according to equations depicted on Fig. 7.
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TABLES

Table 1. Quantification limits (LoQ) for ICP-AES analysis.

Metal Al Co Cu Fe Ni Nd Pd Zn
LoQ (mg/L) 0,24 0,17 0,07 0,21 0,15 0,23 0,28 0,26
5
Table 2. Pd(Il) distribution coefficient (Drd) and Pd(I1)/Nd(II) selectivity (Spgng) in selected
10 conditions with DMDOHEMA based solvents.
Conditions 0,3 M in heptane 0,5 M in heptane 0,3 M in toluene 0,5 M in toluene
[HNO;]l(q=4 M [HNO;]l,q=3 M [HNOs]sq =4 M [HNO;]l,q=3 M
Extraction Ded SediNd Drd Seaind Ded SeaiNd Ded SediNd
results 6,4 1,8 12 3,4 4,9 138 9,3 21
15
Table 3. Results from solvent scrubbing with H,O or 1 M HNOs: Pd loss, Fe elimination, and
final aqueous HNO; concentration. Initial organic phase: DMDBTMA 0,6 M in toluene
equilibrated with 3 M aqueous HNO; and containing 95 mg/L Pd(I1) and 80 mg/L Fe(lll).
Conditions Stripping with H,0, Stripping with H,0, Stripping with 1 M HNOs,
O/A=5/1 O/A =10/1 O/A=5/1
Scrubbing | Pdloss  Feelim.  [HNOgl | Pdloss  Feelim.  [HNOgy | Pdloss — Feelim.  [HNOslq
results 5,2% 94% 1,7M 1,1% 70% 24 M 2,3% 88% 24M
20
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