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Abstract : Palladium (Pd) has been widely used in various industrial applications such as jewelry, catalyst, and dental materials
despite its limited resources. It has been gaining attention to recover Pd with high purity from the spent materials. This study
investigated the optimum conditions for the leaching and recovery of metallic Pd. The leaching parameters are HCI concentration,
temperature, time, concentration of oxidants, and pulp density. 97.2% of Pd leaching efficiency was obtained in 3 M HCI with 3
vol% oxidants at 80 C for 60 min. The ratio of hydrogen peroxide to sodium hypochlorite played a critical role in the leaching
efficiency due to the supply of CI ions in the leachate. Moreover, the complete recovery of Pd in the leachate was achieved at
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80°C with 0.3 formic acid/leachate after adjusting the pH value of 7. This situation was ascribed to the decomposition of formic
acid into hydrogen gas and carbon dioxide at 80 C. ICP-AES and XRD characterized the recovered Pd powder, and the purity of
the recovered powder was found to be 99.6%. Consequently, the recovered Pd powder with high purity could be used in circuits,

catalyst precursors, and surgical instruments.
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Figure 1. The flowchart of leaching and recovery of palladium
from Pd/AL,O; catalyst.
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Figure 2. Effect of concentration of HCI on (a) Pd leaching
efficiency and (b) Al leaching efficiency at 80 C for
30 min.
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Figure 5. Effect of H,O, addition in HCI on Pd leaching efficiency
(conditions: 5 M HCI, 80 C, 60 min, 400 rpm).
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60 min, 400 rpm).
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(conditions: 80 C, 30 min, 400 rpm).

PdO + H, — Pd’ + H,0 (14)

FA&A9] pH H3lo| WE Zehw e gRly} o|Eo] &
2E ogo] BIAE ol Lobus] o) oM A
FA(UV-Vis spectrophotometry, UV-Vis &4])& AA|5}9}.
Figure 10:= F&d0] 1 M BXVMEE XS 715t pHE
104 9712] 2dstie v ehgo] 31ehE2] #stol s 1t
ERdl UV-Vis A3to|tt. pH 1014 PdCL 7L 2 EA51910H
AAE Tehgo] EIEA] &Ut pH 394 502 F7hd
£ PdCL(H,0)E UEHW= 222 nm 339 A|7|7F MR
2 #astlon pH 7914 F3A1717F 71 Wkt o= &
A f ZetE o]0 HAVEREY JheEs) &2 s
19 ¥hSo] oji} THEEe] PACL(HLO), PAOH), FEhE
Aol olsy] wholetn AZHT3I]
oJ3}919] pH7b FetEe] B9l Ul B)5o] H A GRS =
Asto] Figure 119] Wrebgich. olzhele] pHE 1014 9%
Z4% & 254N Y1 80 ToflA] 3087t 3534 3
stttk WEel pH7t $7HE4% Heks digol S7eI
o pH 794 A&H TEhEo]l BF I5EAZ2 st
o} Lee et al.o] TEH[32], Tehe(l) SRHES ZEATET

(

i)

100 -

B [=) @
o S =1
T T T

Pd Recovery efficiency (%)

]
=1
T

pH

Figure 11. Effect of pH values on Pd recovery efficiency
(conditions: 80 ‘C, 30 min, 400 rpm).

e Pd (JCPDS 05-0631)
(111) > y-AL,O, (JCPDS 00-001-1308)

5
<
- (200)
£ . (220)
E Recovered Pd ‘j\‘
=

111 440

( C ) (311) (400) o

1 1 1 1 Il 1
10 20 30 40 50 &0 70 80
2 Theta ()

Figure 12. XRD pattern of the 5 wt% Pd/AL,O; catalyst and the
recovered Pd powder.

o

STA e o o2 gredEofAH EF4t)
89 Bt olisast a0 WHOR BHESY]
t}. Harjanto et al. [10]7} AIQFgH Pd-Cl-H,02] Eh-pHE=
T2 pH 7 HZoA &4 Y ZetE 39HES PA(OH)LE
FAISHA AR Brg o, lEe] kg XA E 35
o dF= vHS AR HoXn. wEbA Tk Ieed
ot adE 34 Fxo 7IQlsks 2o & wdEh

HEujet oA HASHE 274 dad Tehs EUA A2
BFEE ERIsH7] fJsto] XRD 245 AAIstelon 11 A3t
+ Figure 120 YERH SIS XRD 4 A3}, &2] Suiet 34
H gebg Ego)A 260 = 40.1, 46.4, 67.8°04 ZEHE2] (111),
(200), (220)¥= YEU= HAALA ] I-EHHICPDS card
no. 05-0681) +X& HTH33]. 2o Ij4d Tty 29
9l Z2A A7)E F517] 930 Scherrer’s equation (Equation (15))
= ARESFATH34].

O
of

Mo S N
S = on
&

S~
B g

L2 2 fr ©

K\
d(nm) = B cosb (15
37], K& A=, M= Xray IF(Cu K,

olff d= Bt 24
= HEAAE, 0 TERE(1IDS] YA AAE

= 0.15406 nm), f=



B4 AE8 NG o[ 87 PUALO; FHlol| A 1t ehg 35 277
Table 1. Composition of the recovered Pd powder by ICP-AES
Al (ppm) Pd (ppm) Pd purity (%) Pd recovery (%)
Residue 2417 592900 99.6 97.2

yerdth (11DHHS] 49 v AEZL 0.766192.2 Scherrer
A £ 3)4H gelso] 37 24 I7]= 13.6 nmE A4
Ak =3 (1113 (200)H0] Fshs - m3.0] A
¥ 243 27} 3812 o|Hof| Ry 20480 &2 e U

C., “The Influence of Alumina Phases on the Performance
of Pd/ALOs
Benzonitrile to Benzylamine”, Appl. Catal. A: Gen., 545(5),
97-103 (2017).

Catalyst in Selective Hydrogenation of

EFHQITH35]. 0]S £ 34 T2 (111)ES A5 2. Lott, P, Dolcet, P, Casapu, M., Grunwaldt, J.-D., and
H4S sholstqiet. Deutschmann, O., “The Effect of Prereduction on the
5)2~5 Huro] Wals SRS 31ols}y] 9J5ko] ICP-AES & Performance of Pd/Al,O; and Pd/CeO, Catalysts during
S AASIATE Table 12 345 Hubo] WelEy} ok=njL} Methane Oxidation”, Ind. Eng. Chem. Res., 58(28), 12561-12570
W D £xo} B48e HolETh W2TA F 24T 89 (G019) | -
o] ICP A7} o= Ao AEE 7] oke AL Folatar). 3. Ivanova, A. S., Slavmska.ya, E. M., Gulyaev, R. V., Zalkovs.ku,
Bokso] AEL 096%0lT TEHE 51480 97.20%1ck. XRD V. 1, Stonkus, O.' A., Danilova, I. G., Plyasova, L M.,. Polukhina,
9]_ ICP AT BOFS 1, 51Eold] WarEo 2 o I. A., and Boronin, A. L, “Metal-Support Interactions in Pt/ALO;
golo] TeEE B2EolA sl o}Oﬂ_TI_‘—ﬁ ;oix]-‘_,_ and Pd/ALOs Catalysts for CO Oxidation”, Appl. Catal. B:
: - THAEEE # A T: = Environ., 97(1-2), 57-71 (2010).
—‘:l:" Tehee el A7, A, s so= A 4. Kim, J. G., “Material Flow and Industrial Demand for
AHEE AR ZHE oI, Palladium in Korea,” Resour. Conserv. Recycl., 77, 22-28
(2013).
4.4 =2 5. Kolliopoulos, G., Balomenos, E., Giannopoulou, 1., Yakoumis,
L., and Panias, D., “Behavior of Platinum Group Metals during
2 AF= PA/ALO; S RREH J4t 84S JASA= o] Their Pyrometallurgical Recovery from Spent Automotive
& SAAETH R Betgs A9 o & 9 350t Catalysts,” OAlib, 1, 1-9 (2014).
= YHE FHIe9n. IEe2 A9 E55%, A7 2 6. Panda, R., Dinkar, O. S., Jha, M. K., and Pathak, D. D.,
L7} 271 E ZUlee AS Hth G4 5% 5 M, “Recycling of Gold from Waste Electronic Components of
AL A /R POLF AARGE S HoH] 025, 2% 80 C, A|7F Devices,” Korean J. Chem. Eng., 37(1), 111-119 (2020).
605, Fl 80 g L9 A&ZRANA 972%9] HatE A& 7. Nguyen, T. H., Kumar, B. N., and Lee, M. S., “Selective
28 Byt ASHAZ IASR=AQN AL XA 2 ZJold 4 Recovery of Fe(Ill), Pd(I), Pt(IV), Rh(IIl) and Ce(III) from
AUERS H7let A4 EHS 0|85l Y AS Simulated Leach Liquors of Spent Automobile Catalyst by
BT} fo|5lA RS HuAow HE3I 2 99t} Wt Solvent Extraction and Cementation,” Korean J. Chem. Eng.,
ohet AELM W EASHE I o9 SEvt BebE U2 330), 2684-2690 (2016).
Qo] 2 ek nHLL FHolstT). LT YA 8. Kim, J. S.j Kwon, J. S, Baek, J. H, and Lee, M. S., “Recovery
LEAS Frlslo] LT WelE 248 512519} pH 79 of Palladium (Pd) fI’OII.l Spent Catalyst by Dry and Wet
- Method and Re-preparation of Pd/C Catalyst from Recovered
A ZEARS H7Foto] 80 TollA] 308 7+ WHIEE A] 99.6% <= ”
= AL Wers Bue g2 2 9olth Sl2AolA Pd,” Appl. Chem. Eng., 29(4), 376-381 (20?8). )
HolE 180 EEAo] Saol oAEEAE HejEL & 9. Behnamfard, A., Salarirad, M. M., and Veglio, F., “Process
CE= mee Tl e o E e e = Development for Recovery of Copper and Precious Metals
=l ojERtS Selstadt from Waste Printed Circuit Boards with Emphasize on
Palladium and Gold Leaching and Precipitation,” Waste
At Manag., 33(11), 2354-2363 (2013).
10. Harjanto, S., Cao, Y., Shibayama, A., Naitoh, I., Nanami, T.,

E A= ALY AT A3 7]
9FALR1(20003770), A& AT Y 71 HF AN (KITECH
E0-20-0140), SAFFGA|(KITECH 1Z-20-0540)2] |- Hto}f

Kasahara, K., Okumura, Y., Liu, K., and Fujita, T., “Leaching
of Pt, Pd and Rh from Automotive Catalyst Residue in Various
Chloride Based Solutions,” Mater. Trans., 47(1), 129-135

298 ATATYUL. (2006)
11. Angelidis, T. N., “Development of a Laboratory Scale
References Hydrometallurgical Procedure for the Recovery of Pt and Rh

1. Dai, C, Li, Y., Ning, C., Zhang, W., Wang, X., and Zhang,

from Spent Automotive Catalysts,” Top. Catal.,
419-423 (2001).

16(1-4),



278 ZJele - ¥nled - WAz - 0|2 - o]

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Palliyarayil, A., Jayakumar, K. K., Sil, S., and Kumar, N. S.,
“A Facile Green Tea Assisted Synthesis of Palladium
Nanoparticles Using Recovered Palladium from Spent
Palladium Impregnated Carbon,” Johnson Matthey Technol.
Rev., 62(1), 60-73 (2018).

Lu, J., Dreisinger, D. B., and Cooper, W. C., “Cobalt
Precipitation by Reduction with Sodium Borohydride,”
Hydrometallurgy, 45(3), 305-322 (1997).

Trinh, H. B., Lee, J. C., Srivastava, R. R., Kim, S., and Ilyas,
S., “Eco-Threat Minimization in HCl Leaching of PGMs from
Spent Automobile Catalysts by Formic Acid Prereduction,”
ACS Sustain. Chem. Eng., 5(8), 7302-7309 (2017).

Chen, J. P, and Lim, L. L., “Key Factors in Chemical
Reduction by Hydrazine for Recovery of Precious Metals,”
Chemosphere, 49(4), 363-370 (2002).

Byun, M. Y., Kim, J. S., Baek, J. H., Park, D. W., and Lee,
M. S., “Liquid-Phase Hydrogenation of Maleic Acid over
Pd/AlL,O; Catalysts Prepared via Deposition-Precipitation
Method,” Energies, 12(2), 284 (2019).

So, H. I, Lee, J. E., Cho, Y. C., Ahn, J. W., and Ryu, H.
J., “Leaching of Silver (Ag) from Electronic Scrap by
Thiourea,” Korean J. Met. Mater., 56(7), 511-517 (2018).
Izatt, R. M., Eatough, D., and Christensen, J. J., “A study
of Pd*'(aq) Hydrolysis. Hydrolysis Constants and the Standard
Potential for the Pd, Pd*" couple,” J. Chem. Soc. A, 1301-1304
(1967).

Ding, Y., Zheng, H., Li, J., Zhang, S., Liu, B., and Ekberg,
C., “An Efficient Leaching of Palladium from Spent Catalysts
through Oxidation with Fe(Ill),” Materials, 12(8), 1205
(2019).

Awadalla, F. T., Molnar, R. E., and Riteey, G. M., “Recovery
of Platinum Group Metals (PGM) from Acidic Solutions by
Reduction Precipitation with Sodium Borohydride,”U.S.
Patent No. 5,304,233 (1994).

Salinas-Rodriguez, E., Hernandez-Avila, J., Rivera-Landero,
I., Cerecedo-Séenz, E., IsabelReyes-Valderrama, M. I,
Correa-Cruz, M., and Rubio-Mihi, D., “Leaching of Silver
Contained in Mining Tailings, Using Sodium Thiosulfate: A
Kinetic Study,” Hydrometallurgy, 160, 6-11 (2016).

Xie, H., Zhang, L., Li, H., Koppala, S., Yin, S., Li, S., Yang,
K., and Zhu, F., “Efficient Recycling of Pb from Zinc
Leaching Residues by Using the Hydrometallurgical Method,”
Mater. Res. Express, 6(7), 075505 (2019).

Paiva, A. P, Ortet, O., Carvalho, G. 1., and Nogueira, C. A.,

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

“Recovery of Palladium from a Spent Industrial Catalyst
through Leaching and Solvent Extraction,” Hydrometallurgy,
171, 394-401 (2017).

Wu, J., Ahn, J., and Lee, J., “Comparative Leaching Study
on Conichalcite and Chalcopyrite under Different Leaching
Systems,” Korean J. Met. Mater., 57(4), 245-250 (2019).
Cao, Y., Harijanto, S., Shibayama, A., Naitoh, 1., Nanami, T.,
Kasahara, K., Okumura, Y., and Fujita, T., “Kinetic Study on
the Leaching of Pt, Pd and Rh from Automotive Catalyst
Residue by Using Chloride Solutions,” Mater. Trans., 47(8),
2015-2024 (2006).

Lefévre, G., Duc, M., Lepeut, P., Caplain, R., and Fédoroff,
M., “Hydration of 7 -Alumina in Water and Its Effects on
Surface Reactivity”, Langmuir, 18(20), 7530-7537 (2002).
Dash, B., Das, B. R., Tripathy, B. C., Bhattacharya, 1. N.,
and Das, S. C., “Acid Dissolution of Alumina from Waste
Aluminium Dross”, Hydrometallurgy, 92(1-2), 48-53 (2008).
Puigdomenech, 1., https://www.kth.se/che/medusa/downloads
-1.386254 (accessed Nov. 2020)

Ojeda M., and Iglesia, E., “Formic Acid Dehydrogenation on
Au-Based Catalysts at Near-Ambient Temperatures,” Angew.
Chem., 121(26), 4894-4897.

Gopinath, R., Babu, N. S., Kumar, J. V., Lingaiah, N., and
Prasad, P. S. S., “Influence of Pd Precursor and Method of
Preparation on Hydrodechlorination Activity of Alumina
Supported Palladium Catalysts,” Catal. Lett., 120(3-4), 312-319
(2008).

Balint, 1., Miyazaki, A., and Aika, K., “Alumina Dissolution
during Impregnation with PdCL* in the Acid pH Range,”
Chem. Mater., 13(3), 932-938 (2001).

Lee, W. J., Hwang, Y. J., Kim, J., Jeong, H., and Yoon, C.
W., “Pd*"-Initiated Formic Acid Decomposition: Plausible
Pathways for C-H Activation of Formate,” ChemPhysChem,
20(10), 1382-1391 (2019).

Xu, L., Wu, X. C., and Zhu, J. J., “Green Preparation and
Catalytic Application of Pd Nanoparticles,” Nanotechnology,
19(30), 305603 (2008).

Debye, P., “Zerstreuung von Rontgenstrahlen,” Ann. Phys.
351(6), 809-823 (1915).

Centomo, P., Canton, P., Burato, C., Meneghini, C., and Zecca,
M., “Resonant-XRD Characterization of Nanoalloyed Au-Pd
catalysts for the Direct Synthesis of H,O,: Quantitative
Analysis of Size Dependent Composition of the
Nanoparticles”, Appl. Sci., 9(15), 2959 (2019).



