
 The Open Mineral Processing Journal, 2009, 2, 31-36 31 

 

 1874-8414/09 2009 Bentham Open 

Open Access 

Hydrometallurgical Recovery of Nano-Palladium from Spent Catalyst 

M.A. Barakat
1,*, G.A. EL-Mahdy

2
, M. Hegazy

2
 and F. Zahran

2
 

1
Central

 
Metallurgical R & D Institute, P.O. Box 87, Helwan 11421, Cairo, Egypt 

2
Department of Chemistry, Faculty of Science, Helwan University, Helwan 11421, Cairo, Egypt 

Abstract: Hydrometallurgical recovery of nano-palladium (Pd) from spent Pd/Al2O3 catalyst has been investigated.  

The Pd content in the spent catalyst sample was assayed to be 0.42% while the remainder was mainly aluminum oxide. 

Mixture of HCl and AlCl3 was studied as leaching agent for the sample. The Pd was deposited with formic acid. Different 

parameters affecting leaching and deposition processes such as, time, temperature, liquid/solid ratio, were investigated. 

Phase of spent catalyst were identified by X-ray diffraction (XRD) analysis. The deposited Pd was characterized  

by scanning electron microscope (SEM), transmission electron microscope (TEM) and energy dispersive X-ray (EDX)  

for identification of the grain size and composition. The deposited palladium was found to be in the nano-size range  

(34.5-70.5 nm). 
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1. INTRODUCTION 

 Palladium (Pd) is a well-known precious metal playing 

important role in many industrial applications such as:  

jewellery and ornaments, electronics, telephone circuits, heat 

and corrosion resistance apparatus, catalysts and dental  

alloys [1-5]. Due to its low natural abundance, high price and 

its increasing demands in various ordinary and technologi-

cally advanced fields of industry, the trend is to recover and 

refine Pd from various spent materials [6-11]. The palladium 

metal catalyst is usually consisted of a metal coat supported 

on -alumina, which is frequently used as a carrier (sup-

ported layer) for the Pd. Spent catalyst is a hazardous waste, 

which can be produced from the periodic disposal of  

poisoned catalyst, or from the loss of catalyst due to  

entrainment [12]. The efficient recovery and purification  

of palladium from spent catalyst is economically desired. 

Hydrometallurgical treatment is a common technique for  

the recovery and separation of precious metals from spent 

catalysts. These techniques are usually carried out by  

two different ways; support dissolution and precious metal 

dissolution [13-15]. In the first technique, the supported 

layer is dissolved with a non-oxidizing acid or base while the 

precious metals are not dissolved and remain as sludge. 

However, this process requires a large amount of reagents. In 

the second one, the precious metals are extracted from the 

supported layer by an acidic dissolution with an oxidant, 

leaving the bulk of the support unaffected. Most of the other 

techniques used for the dissolution of precious metals are 

based on aggressive reagents, and, sometimes high pressure 

leaching, which are environmentally unsafe, highly corrosive 

and costly. Unlike platinum group metals, Pd can be brought  
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somewhat easily into solution. Different leaching mixtures 

[4,13-19] such as HCl, H2SO4, or chloride salt, e.g., NaCl in 

the presence of oxidizing agent, e.g., HNO3, Br2 or Cl2 have 

been used as leachants for Pd. However, most of theses 

leachants cause environmental pollution. Despite the highly 

efficient and ease Pd dissolution in concentrated nitric acid, 

this method is not favorable due to the high cost of the acid 

and the evolution of hazardous nitric oxides. In addition,  

the highly oxidizing nature of the remained nitric acid will 

prevent Pd reduction. Thus, an alternative leaching process is 

necessary for Pd recovery. Separation process of Pd from 

solution was carried out by electroless deposition and  

electrodeposition techniques. In the electroless deposition 

technique, Pd is reduced from the solution using formalin, 

formic acid, aluminum powder, zinc powder, stannous  

chloride, hydrazine, ethylene glycol, or through bioreduction 

[11, 20-28] with Pd been deposited in spongy form. In  

the electrodeposition technique, Pd is deposited with  

smaller grain size and higher purity than during electroless 

deposition [29-34]. However, the electrodeposition tech-

niques are usually expensive. The aim of this work is to  

recover and separate pure Pd from spent Pd/Al2O3 catalyst 

utilizing a clean, economic and simple technique. A mixture 

of dilute hydrochloric acid and aluminum chloride was  

investigated for achieving the optimum recovery of Pd.  

Formic acid precipitation was used to separate Pd from the 
leaching liquor. 

2. EXPERIMENTAL 

2.1. Materials 

 A homogenous sample of spent Pd/Al2O3 catalyst was 

provided by Kima Co. Fertilizers, Aswan, Egypt. The origi-

nal catalyst was used for de-oxygenation during hydrogen 

production. The spent catalyst was in the form of cylindrical 

pellets of alumina coated with a thin layer of palladium. The 
pellets have a diameter of 2 mm and a length of 3 mm. 



32    The Open Mineral Processing Journal, 2009, Volume 2 Barakat et al. 

2.2. Chemicals 

 Palladium chloride (5 wt %) was used as a source for 
pure palladium. Hydrochloric acid (34%) and aluminum 
chloride (98%) were used for the preparation of leaching 
solutions. Dimethyl glycoxime (99.99%) was used for palla-
dium determination. 1 M sodium hydroxide solution was 
used for pH adjustment. All used chemicals were of high 
grade for laboratory use. Double-distilled water was used for 
dilutions. 

2.3. Recovery and Separation of Palladium 

 Preliminary experiments showed that contact time during 
the leaching process is important for efficient recovery of 
palladium. Therefore, 0.5 g of spent catalyst was leached 
with different reagent combinations in a 60 ml conical flask 
fitted well and immersed in a thermostatic shaker water bath 
model (DUBNOFF BATH BSD/D). In the end of each  
experiment, the solution was filtered off and analyzed for Pd 
content determination, from which the recovery of Pd was 
calculated. A stock solution containing Pd was prepared 
from the spent catalyst at the optimum leaching conditions 
and used for Pd separation experiments. In this case, 10 ml 
aliquots of the leach solution was mixed with different  
mixtures of dilute hydrochloric acid and aluminum chloride 
in a 60 ml conical flask. The solution was heated and filtered 
off. The produced Pd solutions were analyzed to calculate 
the percent recovery of palladium. 

2.4. Assay Methods 

 The phase of the spent catalyst was identified by XRD 
analysis. The spent catalyst sample and Pd deposits were 
subjected to energy dispersive X-ray (EDX) analysis. The Pd 
deposits were gold-coated by fine coater (Jeol JSC-1200) for 
characterization of grain sizes and morphologies by scanning 
electron microscope (Jeol JSM-5410). The grain size of  
the deposited Pd was evaluated by transmission electron  
microscope (Ziess 10/A). 

3. RESULTS AND DISCUSSION 

3.1. Extraction of Palladium 

3.1.1. Effect of the Hydrochloric Acid Concentration on the 

Efficiency of Pd Recovery  

 One gram of spent catalyst sample was subjected to  
X- ray analysis with Philips X-ray diffractometer model 
PW/1710 with Ni-filter, Cu-radiation (=1.542 A˚ ) at 40 kV, 
30 mA and scanning speed 0.02 8/s. The diffraction charts 
and relative intensities were obtained and compared with 
JCPDS files. Fig. (1) shows the XRD-pattern of the spent 
catalyst sample. It can be seen that the sample constituents 
are mainly boehmite, -Al2O3 and gibbsite, with minor Pd 
quantity. Palladium can form stable chloro-complexes such 
as PdCl

+
, PdCl2, PdCl3-, PdCl4

-2
 in acidic chloride solutions 

[11]. At about 0.1 M Cl
-
 and higher, the predominant species 

in solution is PdCl4
-2

. The formation of this complex in  
solution enhances the dissolution of Pd from the containing 
materials, as it is explained below. Palladium can be  
oxidized with a standard electrode potential 0.62 V in the 

presence of chloride ions [35-37] according to the reaction: 

 Pd + 4 Cl
-
                [PdCl4]

2- 
+ 2 e

- 
, E˚ = 0.62 V    (1) 

 

 

 

 

 

 

 

 

 

Fig. (1). The XRD pattern of the spent catalyst sample before 

leaching [11]. B = boehmite (syn.- AlOOH), A = -Al2O3, G = 

gibbsite Al(OH)3, P = palladium. 

 HCl/AlCl3 acid salt mixture promotes the dissolution of 
Pd and decreases somewhat the problem arised from using 
aqua regia by elimination the losses of reactant through vola-
tilization. AlCl3 dissolved in water to give AlOCl and HCl. 
The aluminum hypochlorite acts as a supplier for the free 
oxygen atoms. These atoms along with the chloride ions  
dissolve Pd: 

 AlC13 + H2O                   AlOCl + 2HCl         (2) 

 Accordingly, palladium leaching with aluminum chloride 
in hydrochloric acid was studied to optimize the different 
parameters that control dissolution process. Figs. (2-a and 2-
b) showed the EDX pattern of the Pd spent catalyst before 
and after leaching, respectively. It can be seen that the Pd 
peak disappeared (Fig. 2-b), which proves the complete  
extraction of palladium from the spent catalyst. 

 The effect of hydrochloric acid concentration (from 0 to 

20%) on palladium dissolution from the spent catalyst in  

the absence and presence of aluminum chloride, at liquid: 

solid ratio (L/S) of 20 was studied. The results are shown in 

(Fig. 3). Leaching conditions were maintained at 80 ˚C for 2 

h, In the absence of AlCl3, palladium extraction was gradu-

ally increased with increasing hydrochloric acid concentra-

tion, reaching a steady state value of 81.85% at 10% HCl. 

For solutions of the latter acid concentration value in the 

presence of AlCl3, Pd extraction increased up to 91.3% with 

2.5% AlCl3. A complete dissolution for Pd was achieved 

with both of 5% and 7.5% AlCl3. When Pd catalyst is stored 

in the atmosphere, its surface is covered with adsorbed  

oxygen. The unusual dissolution of Pd in hydrochloric acid 

in the absence of AlCl3 is attributed to the oxidizing effect of 

the adsorbed oxygen that is formed on the Pd surface as  
follows [38]: 

 Pd + Oads + 4 Cl
-
 + 2H

+
        [PdCl4]

2- 
+ H2O    (3) 

 Further, Pd present as a thin metallic layer on the support 
pellets with a large surface area that favors its attack by hy-
drochloric acid. 

3.1.2. Effect of Temperature on the Recovery of Pd 

 Palladium recovery from the spent catalyst was studied 
as a function of time in a wide temperature range (from 20  
to 80 ˚C) with 10% HCl, 5% AlCl3, and L/S ratio of 20.  
The results are shown in Fig. (4). It can be seen that, Pd  
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extraction continuously rises with time and under the inves-
tigated temperature (20 to 80 ˚C). The results indicated  
that at low temperature range (20 to 40 ˚C), Pd recovery 
gradually increased attaining 50.97% and 75.1% after 2 h, 
respectively. However, at higher temperature range (60 to 80 
˚C), the Pd recovery fast increased early (during the first 30 
min) and then gradually increased till attaining a maximum 
recovery value of 100% after 2 h. Palladium recovery  
profiles at leaching temperatures of 60 and 80 ˚C are super-
imposed and the next experiments were held at 60 ˚C. 

 

 

 

 

 

 

 

 

 

Fig. (3). The effect of the hydrochloric acid concentration on the 

efficiency of Pd recovery. With different concentration of AlCl3 

measured after 2 hours at 80 ˚C,with ratio L/S = 20. 

 

 

 

 

 

 

 

 

 

Fig. (4). The recovery of Pd as a function of time and tempera-

ture. With 10% HCl, 5% AlCl3 and L/S = 20. 

 

 The dependent of the reaction rate on temperature is 
shown by Arrhenius equation (4) as follows; 

 lnK = lnA - (Ea/R) 1/T           (4) 

 In this equation, K represents the reaction rate constant, 
A represents the pre-exponential factor or frequency factor, 
Ea is the activation energy (J/mol), T is the temperature  
(in Kelvin degrees) and R the universal gas constant (8.314 
J/mol.K) [39]. By applying this equation on the leaching 
process, the following graph was obtained (Fig. 5). The  
activation energy of the leaching reaction was calculated 
from the slop (-Ea/R) to be equal to -1650.66, resulting in a 
value for Ea equal to 13.7 K J/ mol. 

 

 

 

 

 

 

 

 

 

 

 
Fig. (5). The Arrhenius plot for the leaching process. 10% HCl, 

5% AlCl3, 2 hours and L/S = 20. 

3.1.3. Effect of Liquid/Solid Ratio on Pd Recovery 

 The L/S ratio in leaching processes is an important factor 
from economical point of view, because it determines the 
reagent consumption. The effect of the L/S ratio on leaching 
of Pd from the spent catalyst at 60 ˚C for 2 h was studied 
using leaching solution of 10% HCl with 5% AlCl3. The 
results are shown Fig. (6). It can be noticed that Pd recovery 
increased with increasing the L/S ratio, but it remained 
nearly constant at L/S ratios higher than 20, as high as 30.  
It can be concluded that most of Pd dissolved at L/S  
 

 

 

 

 

 

 

a)      b) 

Fig. (2) The XRD pattern of the spent catalyst sample. a) Before leaching (oxygen, aluminum, sulfur, potassium, calcium, and palladium). 

b) After leaching (oxygen, aluminum, and chlorine). 
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ratio of 20, when 10% HCl is used. It is obvious from the 
results of the studied parameters that the optimum conditions 
for Pd recovery are : leaching solutions containing10% HCl 
and 5% AlCl3, 2 hours retention time, heating at 60 ˚C and 
L/S ratio of 20. A stock 1eacheate so1ution was prepared 
according to the optimum 1eaching conditions that contains 
0.209 g/L Pd, and 5.62 g/L Al. This solution was used for 
palladium separation experiments. 

 

 

 

 

 

 

 

 

Fig. (6) The effect of liquid/ solid ratio (L/S) on Pd recovery. 

With 10% HCl and 5% AlCl3 at 60 ˚C for 2 hours. 

3.2. Electroless Deposition of Palladium 

 Palladium was deposited from two individual Pd solu-
tions, the leachate and pure solution (for comparison). The 
deposition process was carried out by reduction with formic 
acid, according to the general reaction: 

 H2PdCl4 + HCOOH   Heat      Pd(s) + 4 HCl + CO2       (5) 

 Two equal amounts (100 ml each) of the leaching  

palladium solution and pure palladium solution were  

adjusted at pH = 2 using 125 ml 2M NaOH, and precipitated 

by 30 ml of formic acid 85% in a closed system at 100 ˚C for 

30 min. After boiling a dark bright palladium was obtained. 

The data of the recovery efficiency for pure and waste Pd 

solution is quoted in Table 1.  

3.2.1. Characterization of the Deposited Palladium 

 The deposited Pd was characterized by SEM and TEM 

techniques, as shown in Figs. (7 and 8). From SEM analysis, 

the particles appear as spherical with diameters ranged  

from 10 μm to 1 μm for Pd deposited from pure chemical 

while the diameters were smaller than 1 μm for Pd deposited 

from waste material. TEM analysis was performed for  

more detailed identification of the particle size of the  

deposited Pd from waste material (Fig. 8). It can be seen  

that the particles of the deposited palladium was found to  

be in the nano size range ( from 34.5 to 70.5 nm). This  

may be attributed to the fact that the Pd in the original  

sample was deposited as a thin film on the alumina carrier. 

The deposition of palladium by formic acid prevents the  

particles agglomeration and so the palladium was deposited 

as nanosize fines. On other hand, the EDX pattern of the  

Pd deposited from waste material Fig. (9), proves the purity 

of the deposited palladium.  

4. CONCLUSIONS 

 Recycling of spent Pd/Al2O3 catalyst for recovery of 

nano-palladium has been investigated. Complete dissolution 

of palladium was achieved by leaching with a solution  

containing 10% HCl and 5% AlCl3 at 60 ˚C for 2 h with a 

liquid/solid ratio of 20. Pd was deposited from two indi- 

vidual Pd solutions, the leachate and pure solution, by add-

ing formic acid. The recovery efficiency of Pd from leachate 

of the spent catalyst was 92.3% with 98.4% purity. From 

Table 1.  Recovery Efficiency and Purity of the Electroless Deposited Palladium 

Parameters Pd from Pure Chemical Pd from Waste Material 

Recovery Efficiency 98% 92.3 % 

Purity 99.92 % 98.4 % 

 

 

 

 

 

 

 

a) Pd from pure chemical    b) Pd from waste material 

Fig. (7). The SEM pattern of the electroless palladium deposits. 
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TEM analysis, the deposited palladium was found to be in 

the nanosize range (34.5-70.5 nm). On the other hand, Pd 

was deposited from pure solution with recovery efficiency of 

98%, and purity of 99.92%. SEM analysis showed that its 

particle size is ranged from (10 μm to 1 μm). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8). The TEM pattern for electroless deposited Pd from 

waste solution. 60 KV and 40000 magnification power. 

 

 

 

 

 

 

 

 

 

Fig. (9). EDX analysis for electroless deposited Pd from 

waste solution. 
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