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In this paper the effect of ultrasonic treatment on the apparent activation energy of gold leaching from e-waste in 
aqueous thiourea solution was studied. The leaching was carried out under conventional conditions and under ul-
trasonic treatment. The leaching in both cases was carried out at 25 °C, 35 °C, 45 °C and 60 °C. The apparent activa-
tion energy using ultrasonic activation decreases. In both cases the process of gold leaching from e-waste proceeds 
in the diffusion region. Thus, ultrasonic intensification is a means of increasing the efficiency of hydrometallurgical 
processes of e-waste processing by reducing the activation energy of the process.
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INTRODUCTION

The issue of recycling (electronic waste) e-waste is 
an acute one in the world today. It is known that e-waste 
can be a source of various metals [1]. Both pyrometal-
lurgical and hydrometallurgical methods are applicable 
to recycling of secondary electronic raw materials in 
order to extract metals. It is known that hydrometallur-
gical methods have a number of advantages over pyro-
metallurgical methods in terms of lower consumption 
of energy, resources and release of various harmful re-
action products [2]. However, hydrometallurgical meth-
ods are not without disadvantages, such as incomplete 
extraction of useful components from various raw ma-
terials [3], or toxicity of reagents.

These shortcomings can be compensated for by us-
ing non-toxic reagents, and for the complete extraction 
of useful components, hydrometallurgical processes 
can be intensified in various ways, such as vibration, 
microwaves, ultrasound [4] and other methods [5].

The authors have previously studied the effect of 
microwaves on copper leaching with aqueous sulphuric 
acid solution from man-made waste, in order to further 
extract gold with thiourea [6]. Copper had to be extract-
ed at the first stage to exclude thiourea decomposition 
in contact with copper. In the experiment it was deter-
mined that exposure to ultrasound significantly increas-
es the extraction of copper and other metals into the 
productive solution.
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It is reasonable to assume that intensification by ul-
trasound would also affect the recovery of gold in the 
pregnant solution. To test this hypothesis and to under-
stand the intensification processes, it was decided to 
investigate the effect of intensification on the activation 
energy of the process.

The activation energy is the level of energy that the 
molecules of the reactants must overcome in order to 
carry out a reaction. The activation energy is calculated 
according to the formula proposed by S.A. Arrhenius 
(formula 1).
	 k=A·exp(–Ea/RT)� (1)

where A is the pre-exponential multiplier,
Ea – activation energy,
R – gas constant,
T – absolute temperature.
Unit of measure to J/mol [7].
The duration (τ/min) and process temperature (T/°C) 

as well as the application of the intensification were 

Figure 1 �Scheme of the experiment normal conditions (1)  
and with (2) ultrasonic impact treatment (UIT)
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varied during the experiment. The reagent concentra-
tion and Solid/Liquid (SL) ratio were chosen on the ba-
sis of previous studies. In the first stage (pretreatment) 
copper was extracted to exclude harmful effects on thio-
urea by the method described in a previous article by 
the authors [8]. Then gold was extracted with aqueous 
thiourea solution under normal conditions and with ul-
trasound exposure. Scheme of the experiment is shown-
in Figure 1.

METHODS AND MATERIALS

All experiments were carried out in the laboratory of 
EKTU named after D. Serikbaev (https://www.ektu.kz). 
Electronic waste was used as raw material (Figure 2). 
Ball and vibrating mills were used to grind the materi-
als. The elemental composition of the materials was de-
termined using an ICP-MS 7500 cx inductively coupled 
plasma mass spectrometer from Agilenttechnologies 
(USA) (Table 1). A JSM-6390LV scanning electron mi-
croscope (SEM) manufactured by JEOLLtd. (Japan) 
was used to show the distribution of element profiles. 
All reagents were of analytical purity. Chemical heat 
resistant glassware was used for leaching. An ultrasonic 
bath PSB - 1335-05 produced by “PSB-Hals” (Russia) 
was used for activation of processes. Leaching was car-
ried out with stirring on a magnetic stirrer. Solid and 
liquid phases were separated by filtration, and filtrates 
were analyzed for content of valuable components. The 
residues were dried and also analysed to determine their 
content of valuable components.

placed in a sonicator at the beginning of leaching and 
then every 15 minutes for 60 seconds.

RESULTS AND DISCUSSION

The resulting chemical analysis of the e-raw mate-
rial is shown in Table 1. Copper 26,4 %, aluminium 3,9 
%, zinc 1,2 % and other elements are shown. The gold 
content is 0,0086 % (86 g/t).

Figure 2 Electronic waste

Leaching stage

During the study, e-waste samples were leached in 2 
ways.

1 Method. Raw materials were ground and leached 
in an aqueous thiourea solution with a concentration of 
20 g/l, at 25 °C, 35 °C, 45 °C, and 60 °C. Solid to liquid 
S/L content (20), process duration min - (30, 45, 60, 90, 
120), without ultrasonic treatment, with stirring on a 
magnetic stirrer.

2 Method. The raw material was subjected to ultra-
sonic treatment for 30, 45, 60, 90, 120 minutes. Leach-
ing in 20 g/l aqueous thiourea solution at 25 °C, 35 °C, 
45 °C, and 60 °C .

Solid to liquid S/L (20), for 60 minutes, with stir-
ring. The dish with the solution and the suspension was 

Figure 3 �SEM, normal condition (a), SEM of element 
distribution profiles in the selected area (b)

Table 1 �Average concentration of metals in the mixture 
samples in e-waste/wt.%

Cu Al Sn Ni Zn

26,4 3,9 3,2 2,3 1,2

Pb Fe Ag Au Pd

1,7 4,2 0,2 0,0086 0,1

Figure 3 shows images of the element distribution 
profiles in a selected area of the sample. The analysis 
also confirmed the presence of Au

Leaching stage.

Leaching results are shown in Table 2 and Table 3. 
Table 2 shows the recovery of gold to the pregnant solu-
tion without the ultrasonic impact treatment (UIT) as a 
function of process time

Table 3 shows the recovery of gold in the pregnant 
solution with ultrasonic impact treatment (UIT) of the 
raw material.
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Figure 4a shows plots of gold recovery under nor-
mal conditions and Figure 4b with ultrasonic impact 
treatment (UIT). It can be seen that the use of ultrasonic 

intensification increases gold recovery at all tempera-
ture ranges.

In order to study the effect of ultrasound on activa-
tion energy, the experimental plots were processed us-
ing the least squares method using Excel software. Hor-
izontal lines were plotted to obtain extraction data of 
20, 40 and 60 % at different temperatures (Figure 5).

Table 2 �Gold recovery into the pregnant solution  
without ultrasonic treatment /wt. %

Min 25 °С 35°С 45 °С 60 °С

0 0 0 0 0

30 20 22 23 29,6

45 32,4 35 38,4 46,7

60 37,9 43,7 58,6 71,2

90 40,3 46,4 65 78,3

120 40,6 49,8 67,2 79,4

Table 3 �Gold recovery into the pregnant solution  
with ultrasonic treatment /wt. %

Min 25 °С 35°С 45 °С 60 °С

0 0 0 0 0

30 28,6 32 32,5 34,7

45 48,3 60 50 67

60 57 67,6 77 84,6

90 63,2 75,4 83 87,2

120 65 77 84,2 88,6

The values obtained and their treatment results un-
der normal conditions and with ultrasound exposure, 
were used to estimate the apparent activation energy of 
the interaction of the material with aqueous thiourea so-
lution.

For this purpose the logarithm of the time required 
to achieve the same degree of gold recovery in solution 
at different leaching temperatures was determined as a 
function of the inverse temperature (Figure 5). The du-
ration of thiourea leaching of e-raw material providing 
a given gold extraction into a solution at different leach-
ing temperatures. The logarithm of the time required to 
achieve the same degree of gold recovery in solution at 
different leaching temperatures under normal condi-
tions is shown in Figure 6 a. The logarithm of the time 
required to achieve the same degree of gold recovery in 
solution at different leaching temperatures under con-
ventional conditions 6a and ultrasonic intensification is 
shown in figure 6b.

The angular coefficients of straight lg τ = ƒ(1/T) 
(Figure 6) are related to the apparent activation energy 
by the relation d(lg τ)/d(1/T) = Ea/(2,3R). The apparent 

Figure 4 �Plots of recovery versus duration and temperature  
of the leaching process under normal conditions  
(a) and with UIT (b)

Figure 5 �Graphs of recovery vs. duration and temperature  
of the UIT gold leaching process
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activation energy of the interaction of e-waste and aque-
ous thiourea solution without ultrasonic treatment was 
31,087 kJ/mol. The apparent activation energy of inter-
action of e-waste and aqueous thiourea solution with 
ultrasonic treatment was 14,941 kJ/mol. Values of ap-
parent activation energy corresponding to diffusion 
mode = 8-20 kJ/mol, and kinetic mode = 40-300 kJ/mol 
[9]. Thus, the value of apparent activation energy Ea = 
14,941 kJ/mol means that the process of thiourea leach-
ing occurs in the diffusion region. In both cases. How-
ever, the activation energy decreases when exposed to 
ultrasonic.

CONCLUSIONS

Study of kinetics of e-waste thiourea leaching process 
is aimed at finding of leaching process activation param-

eters by determining dependence of leaching time and 
extraction on main technological parameters - tempera-
ture, process duration and setting stage regime. It has 
been found that using ultrasonic activation, at a tempera-
ture of 60 °C, the recovery of gold in the productive solu-
tion has increased. A kinetic model of thiourea leaching 
of electronic wastes was constructed. Obtained experi-
mental data of activation energy without ultrasonic treat-
ment Ea = 31,087 kJ/mol, and with ultrasonic treatment 
of raw material Ea = 14,941 kJ/mol. Thus, values of ap-
parent activation energy in both cases Ea = 31,087 kJ/
mol and 14,941 kJ/mol mean that the process of thiourea 
leaching occurs in the diffusion region. In addition, the 
ultrasonic lowered the activation energy from 31,087 kJ/
mol to 14,941 kJ/mol. This area of research is promising 
and requires further development.
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Figure 6 �Dependencies of the logarithm of the leaching 
process duration on its return temperature under 
normal conditions (a), with UIT (b)

Note: �The responsible for English translate is Adam Daurbekov, Pav-
lodar, Kazakhstan.




