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요 약

본 연구는 금속 팔라듐 및 산화 팔라듐의 재활용을 위한 전 단계 연구로 수행되었다. 본 연구에서는 산화 팔라듐(PdO)의 형성을

위한 열역학적 수식들을 확립하였다. 또한 고상의 염화 팔라듐(PdCl2)을 염산 용액에 용해시킨 염화 팔라듐 용액을 원료용액으로 사

용하였다. 이 원료 용액으로부터 분무열분해 공정에 의하여 평균입도 30 nm 이하의 산화 팔라듐 분체를 제조하였다. XRD 분석 결

과 생성된 분체는 오직 PdO 상이었으며 TEM 분석결과 형성된 나노 PdO 입자들은 단결정 상임을 확인하였다. 또한 생성된 PdO

분말의 비표면적은 약 32 m2/g이었다 

주제어 : 열역학적 수식, 염화팔라듐 용액, 산화팔라듐 나노 분체, 분무열분해 공정, 평균입도

Abstract

This study was conducted as a preliminary study for the recycling of palladium and palladium oxide. In this study, ther-

modynamic equations for the formation of palladium oxide (PdO) are established. Palladium chloride is dissolved into hydro-

chloric acid to generate a palladium chloride solution. Nanosized palladium oxide powder with an average particle size below

30 nm were generated from this raw material solution by means of a spray pyrolysis process. The palladium oxide particles were 

composed of a single solid crystal. The results of XRD analysis showed that only a PdO phase of the generated powder was

formed. And, the specific surface area of the generated palladium powder was approximately 32 m2/g.

Key words : thermodynamic equations, palladium chloride solution, nanosized palladium oxide powder, spray pyrolysis process,

average particle size

1. Introduction

The price of palladium is approximately $25,000 per

kg (as of 2017), and price fluctuations are severe. Since

palladium resources are very limited, it is inevitable that

they should be diversified in various ways. In particular,
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nanosized powder of palladium and PdO is produced

in only very small amounts by a wet process, and the

price is about $100,000 per kg. The development of

new technology for the mass production of nanosized

powder of palladium and PdO with an average particle

size of 50 nm or less would therefore contribute

significantly to the efficient utilization of these resources.

Generally, the spray pyrolysis process1-9) is known to

be very effective in manufacturing high functional

powder. This method has a number of advantages. First,

dry method processes (including the mixing, calcination,

and milling of solid powder) can be omitted, making

the whole process comparatively simple. Second, since

it is much easier to remove impurities in a solution

state than in a solid state, impurities can be reduced,

and the properties of the generated particles can be

controlled depending on the different conditions of the

pyrolysis reaction.

In this study, palladium chloride was dissolved into

hydrochloric acid to generate a palladium chloride solution

as a raw material. The main purpose of this study is

to prepare the nanosized PdO powder with an average

particle size below 30 nm by the spray pyrolysis process.

2. Experimental

In this study, palladium chloride with a purity above

99.9% (MASCOT I.E. Co, Ltd., China) was used to

prepare a nanosized PdO powder by means of a spray

pyrolysis process. Palladium chloride was dissolved into

an HCl solution until the palladium concentration of

the solution was adjusted to 150 g/L. The contents after

purification are shown in Table 1.

In order to generate an ultra-fine solid powder with

uniform particle size and shape, an efficient spray

pyrolysis system3) was specially designed and built for

this study. A nozzle made of titanium was used as a

atomization device, and the inside diameter of the nozzle

tip was 2 mm. The raw material solution was fed into

an inlet of the nozzle using a micro-quantifying pump

with an inflow speed of 10 mL/min. Pressurized air,

supplied by an air compressor of 3 kg/cm2, was fed

into the other inlet of the nozzle so that the solution

was micronized into fine droplets. The raw material

solution was in turn sprayed into the reaction furnace,

where the inside temperature was adjusted to 900oC.

Nanosized PdO powder was subsequently collected using

cyclone and bag filter systems, respectively, and the toxic

gases generated in the process were cleaned using a

scrubber system. 

The properties of the PdO powders generated were

examined. Variations in particle distribution, average

particle size, and particle shape were analyzed using

transmission electron microscopy (TEM, JEM 2100F,

JEOL) and scanning electron microscopy (SEM, Quanta

200, FEI). The variations of the phase and structure of

the powder were analyzed using an X-ray diffractometer

(XRD, DMAX-2500V, Regaku), and measurements of

specific surface area were also performed (ASP 2020,

Micromeritics).

3. Results and Discussion

3.1. Thermodynamics consideration for the formation

of palladium oxide by spray pyrolysis process

When the palladium component presents with divalent

ions in raw material solution, thermodynamic pyrolysis

reactions for the production of solid palladium oxide

can be reflected through the following reactions10,11).

Pd(s) + 1/2O2(g) = PdO(s) (1)

ΔGo = −93721.6 – 24.06 T log T + 154.39 T Joules

(1-1)

H2(g) + 1/2O2(g) = H2O(v) (2)

ΔGo = −246,000 + 54.8 T Joules (2-1)

Subtraction of equation (2) from equation (1) gives

the equation (3).

Pd(s) + H2O(v) = PdO(s) + H2(g) (3)

Table 1. Contents of the impurities in palladium chloride

solution

Component Fe Si Ca Na Cr

Content (ppm) 7 1 3 0 5
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ΔGo = 152,278.4 – 24.06 T log T + 99.59 T Joules

 (3-1)

H2(g) + Cl2(g) = 2HCl(g) (4)

ΔGo = −188,200 − 12.8T Joules (4-1)

The sum of the equations (3) and (4) gives the follow-

ing equation (5).

Pd(s) + H2O(v) + Cl2(g) = PdO(s) + 2HCl(g) (5)

ΔGo = −35,921.6 – 24.06 T log T + 86.79 T Joules

 (5-1)

Thus, the standard free energy change values for

equation (5) at the reaction temperature of 800oC, 900oC,

1000oC and 1100oC are –21,035, −20740, −20,534 and

–20,410 joules respectively.

Pd(s) + Cl2(g) = PdCl2(l) (6)

The standard free energy change values for equation

(6) at the reaction temperature of 800oC, 900oC, 1000oC

and 1100oC are –42,821 –31,510, −20,419 and –9,525

joules respectively.

Subtraction of equation (6) from equation (5) gives

the equation (7).

PdCl2(l) + H2O(v) = PdO(s) + 2HCl(g) (7)

Thus, the standard free energy change values for

equation (7) at the reaction temperature of 800oC, 900oC,

1000oC and 1100oC are 21,786, 10,770, −115 and

–10,885 joules respectively. 

Thus, these results indicate that the formation of

palladium oxide occurs spontaneously above reaction

temperature of 1000oC. 

However, whether the formation reaction of palladium

oxide occurs spontaneously is determined not by the

standard free energy changeΔGo but by the free energy

change ΔG at any reaction condition shown in equation

(8).

ΔG = ΔGo + RT ln(a2
Co3O4

.P12
HCl/a

6
CoCl2

.P6
H2O

.PO2
) (8)

In this regards, ΔG is the free energy change under

any reaction condition, ΔGo is the standard free energy

change, a is the activity and P is the partial pressure.

As a results of this study, palladium oxide (PdO) was

formed at the reaction temperature of 900oC. This fact

indicates that the absolute value of RT ln(a2
Co3O4

.P12
HCl

/a6
CoCl2

.P6
H2O

.PO2
) reflects a greater negative value (−)

than the positive value (+) of ΔGo. Thereby. it is assumed

that the total ΔG value represents the negative value

(−) even at the reaction temperature of 900oC.

3.2. Properties of PdO powder formed by spray

pyrolysis

Fig. 1(a) reflects the properties of the particles

magnified 2,000X based on SEM at raw material solution

of 150 g/L palladium, reaction temperature of 900°C,

10 mL/min. inlet speed of solution, 2 mm nozzle tip

size, and 1 kg/cm2 air pressure. Because the solution is

atomized by the nozzle to form a droplet and flows

into the reactor to perform the pyrolysis reaction, the

PdCl2 solute solidifies from the surface of the droplet

to be extracted. As a result, if the solvent inside the

droplet fails to pass smoothly through the upper level

of the surface, the pressure inside the droplet increases

and ultimately the droplet starts to divide. When the

reaction temperature is relatively high (900oC), droplet

division is more pronounced during the pyrolysis process.

However, due to the relatively low concentration of

palladium in solution at 150 g/L, there is a relatively

insignificant difference of concentration difference bet-

ween the central area and the surface of the droplet

until the solvent becomes completely evaporated within

the droplet. Accordingly, severe droplet division does

not occur during the pyrolysis process, and the powder

formed shows a higher ratio of initial circular atomized

droplet form. 

Fig. 1(b) shows the 200,000X SEM image of the

PdO particles formed by the spray pyrolysis process. It

indicates that the average particle size of the droplet-

forming particles was below 30 nm and that the overall

particle size distribution was relatively uniform.

Fig. 2 shows the 200,000X and 1,000,000X TEM

images of the PdO particles. As in Fig. 1, it can be

seen that the average particle size of the produced powder

is below 30 nm. Fig. 3 shows the selective diffraction

pattern for two arbitrary particles collected in the cyclone

and in the bag filter, respectively, in order to confirm
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whether the PdO particles produced were single crystals.

The particles showed almost the same pattern and were

confirmed as having a dense single-crystal structure

regardless of the collection system used.

Fig. 4 (the results of XRD analysis under the same

reaction conditions as in Fig. 1) shows the phases of

the generated powder. It can be seen that only the PdO

phase exists and that there are no unreacted products

of palladium chloride. It can therefore be concluded that

the pyrolysis reaction was fully completed despite the

short reaction time.

The specific surface area of the palladium powder

generated under the same reaction conditions as in

Fig. 1 was about 32 g/m2, regardless of the collection

device used.

4. Conclusion

In this study, a raw material solution made from

palladium chloride solution underwent a pyrolysis reac-

Fig. 2. TEM photographs of 200,000X and 1,000,000X magnified PdO powder at reaction temperature of 900oC, raw material

solution of 150 g/L palladium, 10 mL/min. inlet speed of solution, 2 mm nozzle tip size and 3 kg/cm2 air pressure. (a)

200,000X, (b) 1,000,000X

Fig. 1. SEM photographs of 3,000X and 200,000X magnified palladium oxide(PdO) powder at reaction temperature of 900oC,

raw material solution of 150 g/L palladium, 10 mL/min. inlet speed of solution, 2 mm nozzle tip size and 3 kg/cm2 air

pressure. (a) 3,000X, (b) 200,000X
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tion to generate a nanosized PdO powder with an average

particle size below 30 nm. 

Thermodynamic equations for the formation of PdO

were also established. 

When the concentration of palladium was 150 g/L,

nanosized PdO powder with an average particle size

below 30 nm was generated from the palladium chloride

solution by the spray pyrolysis process. PdO particles

consisted of a single solid crystal. XRD analysis showed

that the only phase of the generated powder was the

PdO phase. The specific surface area of the generated

palladium powder was approximately 32 m2/g.
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