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ABSTRACT 1 

It is essential to develop solvent extraction (SX), and electrodeposition (ED) processes for 2 

palladium to reduce the volume of acid and organic media. In this study, the extraction reaction of 3 

Pd(II) in chloride media using of N, N, N’, N’, N’’, N’’-hexaoctyl-nitrilotriacetamide (NTAamide(C8)) 4 

as a novel extractant has been demonstrated. Three diluents with high dielectric constants 5 

(acetophenone (AP), 1,2-dichloroethane (DCE), and 1-octanol (OC)) were used for the solvent 6 

extraction reaction. The slope analysis indicated that the anion exchange extraction reaction of Pd(II) 7 

was consistent with an approximately 2:1 stoichiometry for the NTAamide(C8)/AP and 8 

NTAamide(C8)/DCE systems, and 1:1 for NTAamide(C8)/OC. Moreover, the ED behavior of the 9 

extracted Pd(II) complex was investigated using cyclic voltammetry (CV). Palladium reduction was 10 

found to be an irreversible process based on analysis of the standard rate constant. A semi-integral 11 

analysis of the voltammogram determined the diffusion coefficients of the extracted Pd(II) complex in 12 

the AP, DCE, and OC systems to be 3.7±0.1 × 10−10, 2.8±0.1 × 10−10 and 1.5±0.2 × 10−10 m2 s−1, 13 

respectively. Furthermore, consecutive extraction-electrodeposition processes using the 14 

NTAamide(C8)/AP system were carried out for five cycles. High extraction percentage (E>91%) and 15 

current efficiency (ε>83.1%) were attained in all cycles. The electrodeposits recovered from the 16 

extraction-electrodeposition process were identified as Pd metal through X-ray photoelectron 17 

spectroscopy (XPS) and X-ray diffraction (XRD) analyses. 18 

 19 
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1. Introduction 1 

Palladium (Pd) is a widely employed three-way catalyst in automobiles and this application makes 2 

it one of the vital platinum group metals (PGMs) worldwide. Conventional hydrometallurgical methods 3 

such as adsorption [1], electrodeposition (ED) [2,3], ion exchange [4,5], liquid membrane separation [6] 4 

precipitation [7,8], and solvent extraction (SX) [9] have been applied in different stages of the 5 

hydrometallurgical route to separate PGMs. However, there have been relatively few reports [10-12] on 6 

the separation of Pd(II) via SX and the subsequent recovery of Pd metal from the loaded organic phase 7 

by ED. The ED and SX procedures have several advantages, such as good selectivity, large capacity, 8 

simple equipment, and wide application. Hence, the development of extraction-electrodeposition 9 

processes to reduce the volume of secondary waste is very important. We have also demonstrated the 10 

recovery of Pd [13], ruthenium (Ru) [14], iridium (Ir) [15], and platinum (Pt) [16] from the loaded organic 11 

phase by consecutive extraction-electrodeposition processes in our previous studies. 12 

In line with improving the extraction of PGMs, N, N, N’, N’, N’’, N’’-hexaoctyl-nitrilotriacetamide 13 

(NTAamide(C8)) (Fig. 1), a novel triamide extractant with one nitrogen and three oxygen donors 14 

included in the central frame has shown exceptional results. It was reported that 0.1 mol dm-3 15 

NTAamide(C8) in n-dodecane was extracted, and the stoichiometry was 1.07 (Ru) and 3.7 (Pd) [17,18]. 16 

This novel extractant is expected to have stronger extractability with PGMs because of its strong 17 

affinity for soft acid elements. In this study, we investigated the feasibility of separating Pd(II) using SX 18 

and the subsequent ED process from the extraction medium. In addition, we investigated the diffusion 19 

coefficient for the extracted Pd(II) complex in three diluents (acetophenone (AP), 1,2-dichloroethane 20 

(DCE), and 1-octanol (OC)) with high dielectric constants because media with high dielectric constants 21 

have high electrical conductivity and are suitable for electrodeposition media. Furthermore, the 22 

repeatable use of the NTAamide(C8)/AP system was investigated from consecutive extraction-23 

electrodeposition processes for the 5th cycle. This extraction-electrodeposition process could lead to the 24 

elimination of several complex processing steps, minimize the generation of secondary wastes, lower 25 

the environmental risk of Pd recovery, achieve a considerable reduction in volume, and allow for easy 26 



Recovery of palladium by solvent extraction with N, N, N’, N’, N’’, N’’-hexaoctyl-nitrilotriacetamide 
 

 5

handling of the electrodeposits. 1 

 2 

2. Experimental 3 

2.1 Reagents 4 

The method for synthesis of NTAamide(C8) is similar to that of amide compounds such as 5 

methylimino-N,N-dioctylacetamide (MIDOA), methylimino-N,N’-diethylacetamide (MIDEA), and 6 

NTAamide (C2) [19-21]. The synthesized NTAamide(C8) was a light-yellow liquid, because its melting 7 

point was less than the normal temperature. The NTAamide(C8) was identified by proton nuclear 8 

magnetic resonance (1H-NMR) indicating a triplet at 0.8-0.9 ppm, multiplet at 1.2-1.6 ppm, triplet at 9 

3.2-3.3 ppm, and singlet at 3.6-3.7 ppm. The synthesis yield and purity of NTAamide(C8) were 10 

approximately 50 % and 98 %, respectively. The Pd standard solution, hydrochloric acid (HCl), 11 

perchloric acid (HClO4) and three diluents (acetophenone (AP) (purity >98.5%), dichloroethane (DCE) 12 

(purity >99.5%), 1-octanol (OC) (purity >97.0%)) were purchased from FUJIFILM Wako Pure 13 

Chemical Industries Corp (Japan). All chemicals used were of analytical grade. 14 

 15 

2.2 Solvent Extraction (SX) 16 

The aqueous phase was 4.0×10-4 mol dm-3 [PdCl4]2- in 1.0 mol dm-3 HCl solution using a Pd 17 

standard solution. To investigate the concentration dependence of the NTAamide(C8) extractant, the 18 

concentration of NTAamide(C8) in the organic phase was varied from 4.0 × 10-4 mol dm-3 to 3.0 × 10-1 19 

mol dm-3, fixing the other conditions. AP (>98.5%), DCE (>99.5%), and OC (>97.0%) were used as 20 

diluents. The equivalent volume ratio of the aqueous (A) and organic (O) phases (A/O=1.0) was kept 21 

constant during the SX procedure.  22 

To evaluate the activity dependence of the HCl medium, the concentration of HCl solution was 23 

varied from 1.0 × 10-1 mol dm-3 to 3.0 mol dm-3 under the fixed condition of 1.0×10-1 mol dm-3 24 

NTAamide(C8). For this evaluation, the ionic strength I in the aqueous phase was maintained at a 25 

constant value (I=3) using an HClO4 solution. Moreover, a fifth continuous extraction was carried out 26 
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using a constant volume ratio (A/O=3.0) to enrich the extracted Pd(II) complex in the organic phase. 1 

The aqueous phase was 4.0×10-4 mol dm-3 [PdCl4]2- in 1.0 mol dm-3 HCl solution while the 2 

NTAmide(C8) concentration was constant at 1.0× 10-1 mol dm-3. After the first extraction, the organic 3 

phase was separated from the aqueous phase, and the new aqueous phase was contacted with the same 4 

organic phase. After the fifth continuous extraction, the concentration of Pd(II) in the aqueous phase 5 

was measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES, ICPE-9000, 6 

Shimadzu Co.). The monitored wavenumber of Pd(II) in the ICP-AES analysis was 340.458 nm. The 7 

enriched concentration of Pd(II) in each organic phase was calculated using the mass balance equation. 8 

For the extraction procedure described above, the extraction equilibrium was achieved by stirring 9 

at 298 K with a direct mixer at 2000 rpm for 30 min. The extraction behavior of Pd(II) as a function of 10 

the concentration of NTAamide(C8) was investigated to determine the stoichiometry of the extracted 11 

Pd(II) complex. After the extraction equilibrium, the concentration of Pd(II) in the aqueous phase was 12 

measured by ICP-AES after equilibration. The distribution ratio (D) and extraction percentage (E) were 13 

calculated as follows: 14 

 15 

D=
[M]aq

ini-[M]aq
fin

[M]aq
fin ,  E(%)=

100D

D+Vaq Vorg⁄
                              (1) 16 

 17 

where “aq” is the aqueous phase, “org” is the organic phase, [M] is the concentration of Pd(II), and V is 18 

the extraction volume for each phase. The superscripts “ini” and “fin” imply the initial and final 19 

concentrations, respectively. The dependence of the extraction efficiency was evaluated for each D 20 

value on the NTAamide(C8) concentration to investigate the extraction reaction of Pd(II) in the 21 

NTAamide(C8)/AP, NTAamide(C8)/DCE, and NTAamide(C8)/OC systems. 22 

 23 

2.3 Electrochemical analysis 24 

    The extracted Pd(II) complexes dissolved in the NTAamide(C8)/AP, NTAamide(C8)/DCE, and 25 
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NTAamide(C8)/OC systems were prepared and analyzed by cyclic voltammetry (CV) using a three-1 

electrode system. A Pt disk electrode with an inner diameter of 1.6 mm (No. 002422, BAS Inc.) was 2 

used as the working electrode. The electrode surface on the working electrode was carefully polished 3 

with alumina and diamond paste to prevent IR drop. IR drop is the electrical potential difference 4 

between the two ends of a conducting phase, and this voltage drop across any resistance is the product 5 

of the current value (I) passing through the resistance value (R). Pt wires with an inner diameter of 0.5 6 

mm (No. 002233, BAS Inc.) were used as the counter electrode and quasi-reference electrode (QRE) 7 

because the electrode potential was stable and exhibited good reproducibility. The potential was 8 

compensated against a ferrocene/ferrocenium (Fc/Fc+) redox couple. The cylindrical cell was sealed 9 

with a silicone sealant after setting the electrolyte and all the electrodes to prevent the volatility of the 10 

organic phase. The cylindrical cell was placed in a glovebox (DBO-1KP-YUM01, MIWA Inc.) under an 11 

Ar atmosphere (H2O, O2 < 1 ppm). CV measurements were carried out using an electrochemical 12 

apparatus (ALS-760E, BAS Inc.), and semi-integral (SI) analysis was applied to the obtained 13 

voltammogram. 14 

 15 

2.4 Continuous Extraction-electrodeposition 16 

To evaluate the repeatable use of the NTAamide(C8)/AP system, a recycling run consisting of 17 

extraction-electrodeposition for the 5th cycle was carried out (Fig. 2). For SX, a metal concentration 10-18 

fold higher than that used in the ED evaluation (i.e., 5.0 × 10-2 mol dm-3 [PdCl4]2-) was employed in the 19 

aqueous phase to control the deposition potential related to the increase in the Pd(II) concentration. The 20 

volume ratio of the organic phase to the aqueous phase was maintained at 3.0. Thus, a high volume ratio 21 

led to the enrichment of the extracted Pd(II) complex in the organic phase. Subsequently, 22 

electrodeposition from the extracted Pd(II) complex in the NTAamide(C8)/AP system was carried out 23 

using a three-electrode system under an Ar atmosphere. A Ni substrate (99.96%, Nilaco Corp.) was used 24 

as the working electrode. A platinum wire with an inner diameter of 0.5 mm was used as the QRE. The 25 
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counter electrode was separated by a Vycor glass filter at the bottom to prevent diffusion of the 1 

decomposition products from the anode compartment to the electrolyte. A constant overpotential at -2.0 2 

V against QRE was applied to the cathode during ED. After the ED process, all electrodes were 3 

removed from the electrolytic bath and replaced with new electrodes. The organic phase AP was re-used 4 

in the next stage of SX. For the nth (n = 2-5) SX, a new aqueous phase containing 5.0 × 10-2 mol dm-3 5 

[PdCl4]2- was introduced into the organic phase. After the nth (n = 2-5) SX, the same overpotential was 6 

induced for the ED procedure at the nth time. The extraction-electrodeposition process was repeated for 7 

five cycles. After the 5th successive extraction-electrodeposition cycle, the metal concentration of the 8 

organic phase in each cycle was measured by ICP-AES. The current efficiency was calculated from the 9 

weight increase of the Ni substrate during each ED. The oxidation state of the electrodeposits was 10 

evaluated by X-ray photoelectron spectroscopy (XPS) (Quantera SXM, ULVAC-PHI, Inc.) to 11 

investigate the chemical shift due to the valence of palladium. The detection angle from the sample 12 

surface was set to 45 °. The sample on the substrate was analyzed by etching using an Ar ion beam. The 13 

crystalline state of the electrodeposits was identified using XRD (SmartLab Rigaku Corp.). 14 

 15 

3. Results and Discussion 16 

3.1 Solvent Extraction (SX) 17 

Preliminary studies indicated that the three diluents (acetophenone (AP), 1,2-dichloroethane 18 

(DCE), and 1-octanol (OC)) could not extract [PdCl4]2- without the extractant. Hence, the extraction 19 

reaction of [PdCl4]2- was evaluated using the following equilibrium based on a similar extraction 20 

reaction with methylamino-bis-N, N-dioctylacetamide (MIDOA) [13]. 21 

 22 

[PdCl4]aq
2- + n[NTAamide(C8)]org ⇄ [Pd(Cl)4-2n(NTAamide(C8))n]2n-2

org + 2n[Cl-]aq      (2) 23 

 24 

The extraction equilibrium constant (Kex) and distribution ratio (DPd(II)) are expressed as follows: 25 

 26 
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𝐾ୣ୶ =
[୔ୢ(େ୪)రషమ೙(୒୘୅ୟ୫୧ୢୣ(େ଼))೙]౥౨ౝ

మ೙షమ[େ୪ష]౗౧
మ೙

[୔ୢେ୪ర ]౗౧
మష[୒୘୅ୟ୫୧ୢୣ(େ଼)]౥౨ౝ

೙                       (3) 1 

𝐷୔ୢ(୍୍) =
[୔ୢ(େ୪)రషమ೙(୒୘୅ୟ୫୧ୢୣ(େ଼))೙]౥౨ౝ

మ೙షమ

[୔ୢେ୪ర ]౗౧
మష                        (4) 2 

 3 

The following relationship is obtained from Eq. (3-4): 4 

 5 

𝐾ୣ୶ = 𝐷୔ୢ(୍୍) ∙ ൬
[େ୪ష]౗౧

మ

[୒୘୅ୟ୫୧ୢୣ(େ଼)]౥౨ౝ
൰

௡

                        (5) 6 

 7 

The logarithm of DPd(II) is expressed as follows according to Eq. (5): 8 

 9 

log𝐷୔ୢ(୍୍) = log𝐾ୣ୶ + 𝑛log ൬
[୒୘୅ୟ୫୧ୢୣ(େ଼)]౥౨ౝ

[େ୪ష]౗౧
మ ൰                    (6) 10 

 11 

The plot of logDPd(II) versus log([NTAamide(C8)]org/[Cl-]aq
2]) shows the stoichiometry of the extracted 12 

Pd(II) complex. The variation in logDPd(II) as a function of log([NTAamide(C8)]/[Cl-]2) in the three 13 

types of diluents is shown in Fig. 3. The NTAamide(C8)/AP, NTAamide(C8)/DCE, and 14 

NTAamide(C8)/OC systems exhibited slopes of 1.76±0.05, 1.83±0.04, and 1.24±0.05, respectively. The 15 

slopes of NTAamide(C8)/AP and NTAamide(C8)/DCE indicate a dominant 2:1 stoichiometry of 16 

NTAamide(C8) to Pd(II), consistent with the previously reported extraction behavior of Pd(II) in a 17 

MIDOA/AP or MIDOA/DCE system [13]. However, the stoichiometric ratio of NTAamide(C8) to Pd(II) 18 

was primarily 1:1 for NTAamide(C8)/OC. Based on the above results, the extraction reactions in the 19 

NTAamide(C8)/AP, NTAamide(C8)/DCE, and NTAamide(C8)/OC systems are represented as follows: 20 

 21 

[PdCl4]aq
2- + 2[NTAamide(C8)]org ⇄ [Pd(NTAamide(C8))2]2+

org + 4[Cl-]aq 22 

(NTAamide(C8)/AP orDCE) (7) 23 

[PdCl4]aq
2- + [NTAamide(C8)]org ⇄ [Pd(Cl)2(NTAamide(C8))]org + 2[Cl-]aq 24 

(NTAamide(C8)/OC) (8) 25 
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 1 

The equilibrium constants (Kex) obtained from the intercept for NTAamide(C8)/AP, 2 

NTAamide(C8)/DCE, and NTAamide(C8)/OC were 5.4±0.2, 5.2±0.1, and 2.1±0.2, respectively. The 3 

Kex values of NTAamide(C8)/AP and NTAamide(C8)/DCE were higher than those of 4 

NTAamide(C8)/OC. This tendency was observed for the similarly extracted complex of [Pd(Cl)4-5 

n(MIDOA)n]2n-2 (n=1 for OC, n=2 for AP, DCE) using MIDOA extractant [13]. The viscosity (ηOC=7.29 6 

mPa･s) [22] of OC is higher than those of AP (ηAP=1.68 mPa･s), and DCE (ηDCE=0.84 mPa･s). The 7 

differences in the stoichiometric numbers and the equilibrium constant might be influenced by the 8 

rheological properties of each organic phase.  9 

The activity dependence of the HCl concentration is shown in Fig. 3. The activity was estimated 10 

from the activity coefficient of the HCl solution because, in the high concentration region, the activity 11 

of the HCl solution was not the same as the HCl concentration. This result indicates that the distribution 12 

ratio (D) of Pd(II) did not influence the activity of the HCl solution. This tendency was also observed in 13 

a MIDOA/AP system by the protonation of the extractant [17]. The continuous extraction results for the 14 

different diluents are listed in Table 1. The total concentration of Pd(II) in each electrolytic bath 15 

gradually increased with successive extraction procedures. However, the extraction percentage of Pd(II) 16 

gradually decreased because of the decrease in the active MIDOA extractant for each extraction. 17 

 18 

3.2 Electrochemical Measurement 19 

The voltammogram of the extracted Pd(II) complex in NTAamide(C8)/AP, NTAamide(C8)/DCE, 20 

and NTAamide(C8)/OC are shown in Fig. 4. One reduction peak around -2.05 V for 21 

NTAamide(C8)/AP, -2.11 V for NTAamide(C8)/DCE and -1.63 V for NTAamide(C8)/OC was 22 

observed in the voltammogram. This difference in the reduction peaks could be due to the viscosity of 23 

the organic solvent and the diffusion coefficient of the electroactive species. Considering the 24 

complexation state of Pd(II), this reduction peak corresponds to the following electrodeposition reaction 25 

[23,24]. 26 
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 1 

           Pd(II) + 2e- → Pd(0)                              (9) 2 

 3 

Contrastingly, the oxidation peaks around -0.426 V for NTAamide(C8)/AP, -0.533 V for 4 

NTAamide(C8)/DCE, and -0.868 V for NTAamide(C8)/OC were observed in the voltammogram. This 5 

oxidation peak was attributed to the anodic decomposition of the organic solvent. 6 

The electrodeposition of Pd is thought to be an irreversible reaction because of the relatively wide 7 

peak separation between the cathodic and anodic potentials. Assuming that each peak in the 8 

voltammogram is based on the cathodic reaction (9), we confirmed that the cathodic peak plot of the 9 

current density (jp) versus the square root of the potential sweep rate (v1/2) demonstrated a strong linear 10 

relationship. This result indicated that the electrodeposition reaction was diffusion-controlled, that is, it 11 

involved mass transport under semi-infinite linear diffusion conditions. In addition, the slope of the jp 12 

versus v1/2 plot is different for the three types of electrolytes (NTAamide(C8)/AP, NTAamide(C8)/DCE, 13 

and NTAamide(C8)/OC). This outcome indicated that the diffusion coefficients of the extracted Pd(II) 14 

complexes are different. Therefore, the diffusion coefficient of the extracted Pd(II) complex was 15 

estimated from a semi-integral (SI) analysis of the voltammogram. Concerning the electrodeposition 16 

rate, mass transfer related to diffusion is critical. The limiting current in the SI analysis allowed us to 17 

evaluate the diffusion coefficient of the extracted Pd(II) complex more precisely in an irreversible 18 

process. The SI curves of the extracted Pd(II) complexes in the three types of electrolytes are shown in 19 

Fig. 5. The value of m* was conventionally determined by subtracting the background current. The 20 

diffusion coefficient of the extracted Pd(II) complex was calculated from the m* value as follows [25]: 21 

 22 

                          m*=nFAD1/2C*                               (10)                                        23 

 24 



Recovery of palladium by solvent extraction with N, N, N’, N’, N’’, N’’-hexaoctyl-nitrilotriacetamide 
 

 12

where n is the number of electrons involved in the charge transfer reaction, F is the Faraday constant, A 1 

is the electrode surface area, D is the diffusion coefficient, and C* is the bulk concentration. The 2 

diffusion coefficients of the extracted Pd(II) complex in NTAamide(C8)/AP, NTAamide(C8)/DCE and 3 

NTAamide(C8)/OC was evaluated to be 3.7±0.1 × 10−10, 2.8±0.1 × 10−10 and 1.5±0.2 × 10−10 m2 s−1, 4 

respectively. In the case of [PdBr4]2- in 1-n-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) 5 

amide, [BMP][TFSA] (viscosity: η[BMP][TFSA]=188.9 mPa･s [26]), the diffusion coefficient was estimated 6 

to be 1–2×10−11 m2 s−1 [23]. As a result, this difference is related to the viscosity of the electrolyte, 7 

although the calculated diffusion coefficient of the extracted Pd(II) complex was larger than that of 8 

[PdBr]2-.  9 

Furthermore, the standard rate constant ks can be obtained using the following equation [25]: 10 

 11 

 E=Es+
RT

αnF
ln ቀ

ks

D1/2ቁ +
RT

αnF
ln ቄ

m*-m(t)

i(t)
ቅ                       (11) 12 

 13 

where E is the electrode potential, Es is the standard reversible potential of the reaction, R is the gas 14 

constant, T is the thermodynamic temperature, α is the transfer coefficient, m is the current SI, and i is 15 

the Faradaic current. The value of αn was calculated from the slope of the E versus log[m*-m(t)]/i(t) 16 

plots, and ks was determined from the intercept of the plots. Matsuda and Ayabe reported the following 17 

equation for irreversible reactions [27]: 18 

 19 

ks

(DvnF RT⁄ )1/2 <10-2(1+α)                              (12) 20 

 21 

where v is the potential scan rate. Therefore, the relation ks < 2.3×10-5 cm s-1 was obtained by 22 

substituting the values in Eq. (12). The ks value for Eq. (11), as calculated from the intercept of the E 23 

versus log[m*-m(t)]/i(t) plot, was 3.6 × 10−3 cm s−1. Accordingly, reducing the extracted Pd(II) complex 24 

in NTAamide(C8)/AP is an irreversible process. This irreversibility of a similar platinum group 25 
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complex, [(R3NH)2IrCl6] (R= CH3(CH2)7-/CH3(CH2)9-), has also been observed in our previous studies 1 

[15]. 2 

 3 

3.3 Continuous Extraction-electrodeposition 4 

It is necessary to evaluate the consecutive extraction-electrodeposition process as a repeatable 5 

performance of the NTAamide(C8) extractant and AP diluent media. The results of the continuous 6 

extraction-electrodeposition process are listed in Table 2. The volume loss for each sampling was 1.0 7 

mL, and the extraction efficiency was evaluated by considering the volume loss. A high extraction 8 

percentage of E > 91% was observed for all cycles. For the ED process, the current efficiency evaluated 9 

from the weight of the electrodeposits was 83.1-94.6%. The recovery percentage of the electrodeposited 10 

Pd metal was within the range of 86.8-95.6% for all cycles. This result indicates that the extraction-11 

electrodeposition process can be repeated five times without decomposing the NTAamide(C8) 12 

extractant and the AP diluent media. 13 

Moreover, a major part of the electrodeposited Pd was confirmed to be in the metallic state 14 

because only a minimal amount of oxygen was detected on the surface of the electrodeposited Pd metal 15 

by XPS. Depth analysis of the electrodeposited Pd was conducted using Al Kα radiation and Ar 16 

sputtering. The Pd-3d5/2 spectrum of the middle layer under 0.5 µm of the electrodeposits is shown in 17 

Fig. 6. Theoretically, the Pd-3d5/2 peaks for the Pd(0) metal, Pd2+, and Pd4+ should be positioned at 18 

335.1-335.5, 336.1-336.5, and 337.8-338.2 eV, respectively [28]. As shown in Fig. 6, the Pd-3d5/2 peaks 19 

of the electrodeposits have a binding energy of 335.1-335.5 eV, which hardly changed before and after 20 

Ar etching. In addition, as shown in Fig. 7, the peaks of Pd(111) and Pd(200) on the electrodeposits in 21 

each ED cycle were detected in the XRD profile. A series of analyses of the Pd electrodeposits enabled 22 

us to conclude that most of the metallic Pd could be recovered from the loaded organic phase by SX and 23 

ED processes. 24 

 25 
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Conclusion 1 

Based on a slope analysis of the effect of the NTAamide(C8) concentration on SX, the extraction 2 

of Pd(II) with NTAamide(C8) in three diluents, namely AP, DCE, and OC, was found to be preceded by 3 

the anion exchange reaction. Moreover, the reduction reaction of the extracted Pd(II) complex is an 4 

irreversible process that was investigated by cyclic voltammetry. The diffusion coefficients of the 5 

extracted Pd(II) complexes were estimated to range within 1.5±0.2-3.7±0.1 × 10−10 m2 s−1 for the three 6 

diluents.  7 

Furthermore, the continuous extraction-electrodeposition over five cycles indicated that the 8 

components of the extractant NTAamide(C8) and the AP were continuously available because the 9 

extraction percentage of Pd(II) was maintained at E > 91% over the entire cycle. In addition, the high 10 

current efficiency was maintained at 83.1% - 94.6%. Finally, a series of experimental results enabled us 11 

to demonstrate that Pd metal can be continuously recovered by applying the extraction-12 

electrodeposition process using the NTAamide(C8)/AP system. The electrodeposits obtained from the 13 

loaded organic phase were confirmed to be Pd metal by XPS and XRD analyses. 14 

 15 
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Caption of Figures 1 

Fig. 1 Chemical structure of N, N, N’, N’, N’’, N’’-hexaoctyl-nitrilotriacetamide 2 

 3 

Fig. 2 The schematic illustration of continuous extraction-electrodeposition process. 4 

 5 

Fig. 3 (a) The dependence of [NTAamide(C8)]/[Cl-]2 concentration and (b) The dependence of the 6 

activities of HCl solution for the extraction of Pd(II) using NTAamide(C8). 7 

●: acetophenone, ●: 1,2-dichloroethan and ●:1-octanol 8 

 9 

Fig. 4 Cyclic voltammogram of the extracted Pd(II) complex with different organic phases. 10 

(a) acetophenone, (b) 1,2-dichloroethane and (c) 1-octanol. 11 

 12 

Fig. 5 Semi-integral of the voltammogram for the extracted Pd(II) complex in organic phase. 13 

(a) acetophenone, (b) 1,2-dichloroethane and (c) 1-octanol. 14 

 15 

Fig. 6 XPS analysis of the electrodeposits at -0.25 μm thickness on the NTAamide(C8)/AP system. 16 

(a) 1st time, (b) 2nd time, (c) 3rd time, (d) 4th time and (e) 5th time 17 

 18 

Fig. 7 XRD profile of the electrodeposits on the NTAamide(C8)/AP system. 19 

(a) 1st time, (b) 2nd time, (c) 3rd time, (d) 4th time and (e) 5th time 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 



Recovery of palladium by solvent extraction with N, N, N’, N’, N’’, N’’-hexaoctyl-nitrilotriacetamide 
 

 19

Fig. 1 1 
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Fig. 2 1 
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Fig. 3 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

-3.5 -3.0 -2.5 -2.0
-2.0

-1.0

0

1.0

2.0

:NTA/AP
:NTA/DCE
:NTA/OC

lo
gD

log[NTAamide(C8)]/[Cl -]2

(a)

1

2

1

1

-1.0 -0.5 0 0.5

:NTA/AP
:NTA/DCE
:NTA/OC

logaHCl

(b)



Recovery of palladium by solvent extraction with N, N, N’, N’, N’’, N’’-hexaoctyl-nitrilotriacetamide 
 

 22

Fig. 4 1 
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Fig. 5 1 
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Fig. 6 1 
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Fig. 7 1 
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Table 1 The extraction percentage and the cumulative concentration of Pd(II) in the organic phase for 1 

five continuous solvent extraction (SX). 2 

 3 

  acetophenone  1,2-dichloroethane      1-octanol 4 

No. of SX E/(%) CPd(II)/mM E/(%) CPd(II)/mM E/(%) CPd(II)/mM 5 

1st     100±0.2   28.2  100±0.1   28.2  88±0.5    24.7 6 

2nd  95±0.3  54.9   89±0.3   53.2  52±0.4    39.2 7 

3rd  76±0.7   76.4   48±0.5   66.8  33±0.3    48.6 8 

4th  47±0.6   89.6   41±0.6   78.3  28±0.5    56.4 9 

5th  31±0.5   98.5   29±0.4   86.4  18±0.2    61.4 10 

E: Extraction percentage on SX, CPd(II): Concentration of the extracted Pd(II) complex on SX. 11 
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Table 2 A series of recovery results of Pd metal for continuous solvent extraction and electrodeposition 1 

process for five cycles. 2 

E: Extraction percentage on solvent extraction (SX), wSX: Weight of extracted Pd metal on SX, wres: 3 

Weight of residual Pd in electrolyte after electrodeposition, wtotal: Total weight of Pd metal in electrolyte 4 

(wtotal=wSX+wres), wdep: Weight of the electrodeposited Pd metal, Q: Transported charge on 5 

electrodeposition, wth: Theoretical weight of Pd metal calculated from transported charge, ε: current 6 

efficiency (ε=wdep/wth×100), R: recovery yield (R=wdep/wtotal×100) 7 

 8 

No. E wSX wres wtotal wdep Q wth ε R 9 

/% /mg /mg /mg /mg /C /mg /% /% 10 

1st    98±0.3 9.09 0.00 9.09 8.4 16.1 8.85 94.6 92.4 11 

2nd    91±0.7 7.64 0.63 8.26  7.9 16.6 9.15 86.3 95.6 12 

3rd    94±0.6 7.07 0.32 7.39  6.6 14.4 7.94 83.1 89.3 13 

4th    96±0.4 6.33 0.70 7.03  6.1 12.6 6.95 87.8 86.8 14 

5th    96±0.5 5.48 0.80 6.29  5.8 11.2 6.18 93.9 92.3 15 
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