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This paper presents the process of synthesis of copper powders obtained by the pyrometallurgical method
without the participation of the liquid phase. This method is based on the simultaneous decomposition and
reduction of copper (II) carbonate. Hydrogen was used as a reducing agent. Due to the strongly exothermic
thermal effect of the reduction reaction, a mixture of inert gas and hydrogen was used to better control the
parameters. Studies have shown that the carbonate method enables the synthesis of copper powders with a

narrow distribution and controlled size. The size is controlled by the grinding time of the copper (II) carbonate.
An life cycle assessment and circularity study evaluate the sustainability of the new process, and focus is given to

the energy efficiency.

1. Introduction
1.1. The importance of copper-base powder

Copper-base powder metallurgy products rank third after iron/steel
and aluminum-based powder-making (PM) products in terms of volume
[1]. The main applications are oil bearings, friction materials, diamond
tools, thermal conductivity and contact materials, and chemical cata-
lysts [2]. Vishnu K Mohan et al. [3] reported that copper powder can
increase the tensile strength up to 18.55% for Friction Stir Welding.
Another research by Cynthia Samuel Abima et al. [4] reported the effect
of copper on MIG welding of aluminum. They reported the inclusion of
copper powder to increase the hardness values both in the fusion zone
and in the heat-affected zone by forming intermetallic compounds. The
copper powder also improves the grain structure in the aluminum weld
which improves corrosion resistance. Copper powder can also help to

improve the mechanical properties of metals. Jituo Liu et al. [5] re-
ported that Ni-doped graphene matrix when prepared with copper
powder enhances the yield strength, hardness, and conductivity of the
matrix. It was shown that copper can improve the fatigue threshold of
porous steel by forming intermetallic compounds. Setuo Takaki et al. [6]
reported that copper addition to steel improves the strength-ductility
ratio, when compared to copper-free steel, by forming fine ferrite
grains, which are generally lower than 1 pm. The copper powder can
also positively influence thermal properties [7]. It was reported that
nylon-based composites show good thermal conductivity when copper is
used in them [8]. The rising role of additive manufacturing caused an
increasing demand for metal powders [9-11], and many studies have
shown how the quality of the powders impacts the process [12-14].
Photovoltaics is one of the fastest and most dynamically developing
industries. Recent studies indicate the great potential importance of
copper powders in this area [15,16]. The copper powder can be used as a

* Corresponding author at: AGH University of Science and Technology, Mickiewicza Ave. 30, 30-059 Krakow, Poland.

E-mail address: marekw@agh.edu.pl (M. Wojnicki).

https://doi.org/10.1016/j.susmat.2022.e00486

Received 20 April 2022; Received in revised form 11 August 2022; Accepted 26 August 2022

Available online 1 September 2022

2214-9937/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:marekw@agh.edu.pl
www.sciencedirect.com/science/journal/22149937
https://www.elsevier.com/locate/susmat
https://doi.org/10.1016/j.susmat.2022.e00486
https://doi.org/10.1016/j.susmat.2022.e00486
https://doi.org/10.1016/j.susmat.2022.e00486
http://crossmark.crossref.org/dialog/?doi=10.1016/j.susmat.2022.e00486&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

F. Cebula et al.

screen print paste used in a high-temperature metallization process [17]
to fabricate the front contacts of Si solar cells. Thanks to this, it is
possible to significantly reduce the cost of production. It is worth noting
that silver is about 50-150 times more expensive than copper [18].
Nowadays, the cost of silver in photovoltaics panels is estimated to be
1.1 USD cent/Wp power [19]. To show the importance of this technol-
ogy more vividly, silver paste is 14% of the production cost [20].
Therefore, an effort is made to replace silver with copper in electrically
conductive pastes. Piotr Panek et al. [21] successfully reduced the
consumption of silver in printing pastes, by adding a copper composite
obtained by chemical treatment of copper powder to a commercial silver
print paste. The result was a mixture of 50% of commercial silver paste
and 50% copper composite. The solar cell produced with the use of this
paste achieved the best result ever obtained concerning direct Cu
application for solar cells fabricated in thick-film technology at that
time. The development of nanoparticle copper screen printing pastes for
silicon heterojunction solar cells was a topic studied by Boon Heng Teo
et al. [22]. In this paper copper printing pastes with various amounts of
copper were evaluated in terms of printability, line resistance, and
contact formation to Indium-Tin Oxide (ITO) transparent conductive
oxide layers. The authors note that the specific contact resistivity of the
Cu paste is comparable to state-of-the-art Ag pastes used in high-
efficiency HJ cells.

Taking into consideration all listed applications and the constant
development of electronics, one can only predict the increasing demand
for copper powders.

1.2. Synthesis of copper powders

The synthesis of copper powders can be carried out in many ways.
The main methods of production can be divided into four groups [1]:
atomization, electrolysis, solid-state reduction, and hydrometallurgy.

The electrochemical method is very popular, mainly due to its
simplicity. It has already been very well developed [23-25], unfortu-
nately, due to the necessity to conduct the process under diffusion
control conditions, the electrical efficiency of this process is quite low
[26,27]. There are many studies on the possibility of changing the
electrolyte composition in order to improve efficiency [28]. The general
tendency is maintained, which indicates, that the production of very fine
copper powders (<10 pm) requires the consumption of much more
electricity than the production of copper powders <100 pm [29]. This is
due to the parallel reaction associated with the evolution of hydrogen
[30]. Size for commercially available electrolytic copper powder ranges
between 45 and 106 pm [31,32], fine powder is estimated around 4-10
pm [33], and nanopowder 35-60 nm [34]. Obtained powders usually
have dendritic morphology, which can be a disadvantage in some pro-
cesses like powder injection molding [35]. Zhang et al. [2] report that
power consumption to manufacture electrolytic copper powder ranges
between 3800 and 4200 kWh t L. Although Xia et al. [36] report, that
power consumption in this process can be as low as 719 kWh t~! for
copper powder with a particle size of 47 nm.

Other methods of synthesizing copper powders are based on the
chemical reduction of copper (II) ions to a metallic form [37,38]. This
method offers powders with good dispersibility [39], recycling of metal
scraps, spent electrolytes, industrial wastewater [40], and a wide variety
of possible products [41,42]. Unfortunately, these methods are
frequently not environmentally benign [43]. The use of green reducers
reduces this burden, but the amount of liquid waste generated is sig-
nificant. Agraval et al. [44] also report challenges involving the
agglomeration of particles and the plating of metal on the interior walls
of the reactor.

At present, the atomization process is very often used on an indus-
trial scale [31-33,45]. This method consists of copper melting and then
spraying it in inert gas or water, which is both a cooling and atomizing
agent. This method gives very good results [46,47]. By controlling the
temperature of the liquid copper, choosing an atomizing agent, the gas
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or liquid flow rate, and the shape and parameters of the atomizer, it is
possible to control the particle size [48-50]. Just by changing feedstock
and adjustment of parameters, various alloys and metals can be pro-
duced with the use of the same system. Relevant problems with the at-
omization method are Freeze-up's, or furnace melt solidification [51].
After the metal has been melted and poured into the tundish, the molten
alloy begins to lose heat rapidly. The alloy can solidify and create build-
up in the atomization nozzle, causing a blockage or “freeze-up”, which
creates the need to stop production for cleaning the machine [52]. Ob-
tained powder is characterized by wide particle size distribution, which
means a lower quantity of specific powder size. The low yield of atom-
ized powder between 20 pm and 150 pm is still an important issue [9].
Zhang et al. [2] report that power consumption to manufacture atom-
ized copper and copper alloy powder equals 2000 kWh t L

In solid-state reduction, cupric oxide powder is reduced by a gas,
usually hydrogen, carbon monoxide, or cracked natural gas, at a tem-
perature below the melting point of copper [53,54]. The size of powder
particles obtained by this method is controlled by the size of the used
oxide [55]. The main advantage is the low cost of this method and
efficient production [56,57], and the large specific surface area of pro-
duced powders [58]. Unfortunately, this method produces a lot of green
gas products. The purity of obtained powder is not controlled during the
process, and it depends on the purity of the precursor. That is why ob-
tained powder can have lower purity compared to other methods.

Often, an additional milling process is needed to obtain a specific size
of the copper powder. This process allows for reducing the particle size
of a fraction that did not meet expectations. It is important to point out,
that due to the plasticity of copper, morphology will change to plate-like
and/or flaky [59,60]. The biggest disadvantage of this process is low
energy efficiency [61]. To effectively reduce the size of the malleable
powder, the material must be sufficiently saturated with dislocations
until it becomes brittle and fractures [62]. For this reason, milling
copper powder requires significantly more energy than grinding brittle
materials.

Therefore, work was undertaken to use a method based on the
already known processes of powder synthesis, but with particular
emphasis on thermodynamics and process kinetics, in order to estimate
the energy gain of hybrid methods of copper powder synthesis. We
propose the concept of technology that allows the green production of
copper powder. The main process combines the well-known thermal
decomposition of copper carbonate [63,64] and hydrogen reduction of
copper oxide into a simple and efficient solid-state reduction method.
With the incorporation of well-known and used in industry reactions,
the zero-emission, close cycle technology can be achieved.

2. Experimental

Copper carbonate was obtained in our laboratory. For this purpose,
copper (II) nitrate (POCH, analytical pure) was dissolved in deionized
water (Polwater DL3N-150). An aqueous sodium carbonate (Sigma-
Aldritch, analytical pure) solution was then added. As a result of the
double exchange reaction, copper carbonate was obtained in the form of
a fine powder.

The solution was then filtered, rinsed, and dried in a laboratory
(SML-32/250) drier for 48 h at 100 °C.

The grinding processes were carried out in a commercial grinder
(dedicated to grinding coffee, DeLonghi KG200). Different milling times
were used to obtain different copper carbonate powders.

The processes of reduction and decomposition of copper carbonate
were carried out in a tube furnace. The tube of the furnace was made of
quartz. The samples were placed in containers also made of quartz, cy-
lindrical in shape, 2 cm in diameter, and 2 cm in height.

A commercial 5/95% Hy/Ar gas mixture with 99.999% purity was
used as a reducing agent (Airligiud, Poland).

The samples were placed in the geometric center of the furnace to
ensure equal temperature distribution. The furnace was controlled by a
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PIV controller.

Several techniques were used to analyze the size of the copper
powders and copper (II) carbonate. Electron microscopy SEM (Hitachi
SU-70), and laser diffraction particle size analyzer (Mastersizer 2000)
were used. In order to ensure SEM charge-free imaging, copper (II)
carbonate particles and copper powders were coated with a thin gold or
carbon layers by using the K575XD Turbo Pumped High-Resolution
Sputter Coater and the Cressington 208 carbon coater. Before mea-
surements using Mastersizer instruments, the samples were dispersed in
deionized water. For this purpose, the ultrasonic head (Sonic & Mate-
rials, vibra cell) was applied for 3 min, with an applied amplitude of
40%.

The crystal structure was determined by XRD analysis, using a
Rigaku Miniflex II X-ray diffractometer with Cu-Kf (30 kV, 15 mA, k =
1.5406 A) radiation and scanning angles between 20° and 90°.
Williamson-Hall method was used to calculate the size of the crystallites.
The analysis was performed for powder reduced in temperature equal to
300 °C.

XRF analysis was used to characterize the purity of the obtained
powders. For this purpose, the ED-XRF: Bruker, model: S2 Puma was
used. Elemental composition measurements were made in the air using
the Smart-Elements method in fashion without the use of a calibration
curve (Standardless). Before starting the measurements, the device was
calibrated according to the manufacturer's procedure. The reference
values for the standard used for the check (QC sample) were consistent
with the values declared by the manufacturer. The normalization pro-
cedure was used to determine the content of individual elements. Due to
the signal from silicon observed in the sample (most likely resulting from
SiOy sample holder), the results of the analysis were calculated dis-
regarding the silicon content. The test was performed for powder
reduced in temperature equal to 300 °C.

Differential Thermal Analysis and Differential Scanning Calorimetry,
DTA-DSC, was used for the characterization process of copper powder
synthesis, using TA Instruments SDT Q.600. Thermal analyses of the
aforementioned materials were conducted in the Hp/Ar atmosphere,
with the flow of the gas equal to 100 mL/min unless otherwise stated.

The surface area of the copper powder was determined with the
Brunauer-Emmett-Teller (BET) method (Micromeritics ASAP 2010).
The sample before measurements were degaussed for 24 h at the tem-
perature of 150 °C. Nitrogen gas was used as the adsorbate, assuming
that a single nitrogen molecule can cover 0.16 nm? of the substrate area.
Additionally, BET measurements were carried out to verify whether the
obtained materials were solid or porous.

The conductivity test of obtained copper powders was performed
specially for this purpose system, based on assembly presented by Juan
et al. [65]. For resistance measurement, the Keithley 2000 Series: 6.5
Digit Multimeter was used. The experiment consisted of 10 measure-
ments of resistivity under different pressures. The test was performed for
powder reduced in temperature equal to 300 °C.

3. Results and discussion

The technology design requires a series of steps to finally succeed.
Typically some steps have to be repeated, to solve specific sub-problems.
The first step is related to the identification of the problem to solve. In
our case, we analyze the demand of the market dealing with the pro-
duction of photovoltaic panels that need appropriate soldering pastes.
Leaving aside the details, the problem is the need to lower the produc-
tion costs of copper powders, in order to maintain their properties, i.e.
grain size below 5 pm. There are many technologies for the production
of powders, but some of them do not give the product with the required
properties. Specifying the maximum size of the powder (5 pm) causes a
sharp increase in production costs. It is observed at the stage of offering
and purchasing copper powders. Therefore, based on the experience of
our own and cooperating units, we undertook research on the devel-
opment of new technology for their production, based on already known
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and working sub-technologies. The technology concept is described in
detail in Section 3.1.

The next step of the technology design is proof of concept on the
laboratory scale. In our opinion, the key step is the proper selection of
the parameters of the reaction of copper carbonate to copper powder.
This implies a series of related experiments described below. The last
key element of technology design is to determine the cost of the tech-
nology and its impact on the environment. Therefore, a detailed analysis
of the sustainability metrics is also carried out.

3.1. Technology concept

As presented in the introduction section, there are many ways to
produce copper powders. The use of spray methods consumes a huge
amount of energy, whereas the use of chemical methods generates large
amounts of wastewater. We propose a sustainable thermal and chemical
system for the production of copper powders. The process scheme is
shown in Fig. 1. The key idea is to propose recycling processes in order to
regenerate the raw materials before feeding them back. Yet, the risk is
that these parallel processes are prone to generate secondary wastes,
which could finally reduce their benefits and have an environmental
impact. (See Table 1.)

As start-up reactions the following processes are required:

3
3HNO; + Cupy = CM(N03)2 + NO, +§H20 (1)

Next, obtained copper(II) nitrate can be used to obtain copper(II)
carbonate:

Cu(NO3), + K,CO3 225 CuCO5 + 2KNO; )

The reaction (1) is well known and fast. However, the generated
gases required more sophisticated technology to be utilized. Therefore
the reactions (1) and (2) can be substituted by slower, however, more
environmentally benign one.

1
Clthue + HaS0s + 502 29, CuS0, + Hy0 )
and

CuSO, + K>CO; 222, cuco, + K>S0, )

The reaction (3) is also used on an industrial scale although its
application is limited by the low reaction rate.

In the presented system, only electricity is consumed. Water is used
to produce hydrogen (reducing agent). The carbon dioxide needed to
make the carbonate is circulated throughout the system, and other salts
are effectively used in a closed cycle.

By using the waste heat from each stage, it is possible to increase the
efficiency of the entire system. Assuming that the plant works on the
green energy principle, it is possible to produce copper powders without
a lasting negative impact on the environment.

The experimental study in this paper has been focused on one stage
(central reaction in Fig. 1) of this technology concept. According to our
assessment, it is the key reaction for this technology, whereas the rest of
the reactions are already implemented in the industry or have good
application potential.

Initial thermodynamic calculations related to the decomposition of
copper carbonate and the reduction of copper oxide to metallic copper
were carried out.

Thermodynamic calculations are very helpful; unfortunately, they
say nothing about kinetics, so experimental work is also required. Three
reactions are dominating in the system. The first one direct reduction of
copper(Il) carbonate do metallic form by hydrogen (see eq. (5)). Prob-
ably in parallel, the process of copper(Il) carbonate decomposition to
copper(Il) oxide takes place (see Eq. (6)). Next, the copper(Il) oxide is
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Fig. 1. Concept of zero waste technology connected with Life Cycle Assessment inventory.

Table 1
Characterization of main production methods of copper powder.

Atomization Electrolysis Hydrometallurgy Solid state reduction
Advantages Low production cost Simplicity Recycling Low cost
Suitable for large-scale Particle size ranges from a few nanometers to Excellent dispersibility Efficient production
production several millimeters
Can be used for various types of Good compressibility Possibility to produce various products Large specific surface area
alloys and metals
Disadvantages  Low yield of powder between 20  Power consumption (High cost) Secondary wastewater Lowest purity of all
and 150 pm methods (98-99%)
“Freeze-up's” (Furnace melt Poor packing and rheology in the molding process ~ Agglomeration of particles Green gas by-products
solidification)

Wide particle size distribution
impurities could be removed

The process demands purification so that residual

Plating of metal of the interior wall of
reactor/internal fittings

reduced by hydrogen to metallic copper (see Eq. (7)).
CHCO3 + H2—> Cu + HzO + C02

5

CuCO32Cu0 + CO, ®)

CuO+H —Cu+ H,0 @
2c

As it can be calculated (see Fig. 2), all shown above reactions have
negative Gibbs free energy (AG). This indicates that they can occur
simultaneously.

The reaction (5) and the reaction (7) are strongly exothermic, while
the reaction (6) is endothermic. The uncontrolled increase in tempera-
ture leads to the sintering of the copper powder particles. As a result, the
obtained powders are of poor quality. Therefore, the tests were carried
out with the use of a mixture of 95% Ar and 5% H. As a result, the speed
of the reduction reaction is much slower than in comparison to the
system where pure hydrogen is used. It is further emphasized that, in
this particular case, the rate of heat removal from the reaction area is
mainly controlled by the flow rate of the gases. Gases have a low heat
conductivity coefficient and low heat capacity, which additionally
makes it difficult to properly control the process. DTA measurements

were carried out to determine the temperature range in which the
reduction reaction dominates (a mixture of 5% Hy and 95% Ar was
introduced into the system) and the reaction of copper (II) carbonate
decomposition (Ar was pumped into the system). Obtained results are
shown in Fig. 3.

As it can be seen, in the case where the mixture of 95% Ar and 5% Hj
are pumped into the systems, two picks are observed. The first one is
endothermic, and the second one is exothermic. At first, the endo-
thermic reaction takes place. It is observed that these two peaks are
partially overlapping (see Fig. 3. A). Thanks to that, energy consumption
in the process is lower.

3.2. Process rate studies

The rate of mass loss is the measurement of the reaction rate, as well
as the rate of energy release/consumption in the process. The results of
the amusements are presented below (see Fig. 4). The dashed red lines
show the speed of the two reactions (6) steps.

Under experimental conditions (continuous gas flow), the reaction
(6) can be written as:

k
CuCO; = CuO + CO, 8)
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5 T T T T

0 — Reaction 1 |
—— Reaction 3
—— Reaction 2

AG? (kcal)

1 1 1
400 600 800

T(C)

1
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Fig. 2. Thermodynamic calculations of Gibbs free energy for the reactions
taking place in the system.

and the reaction (7) can be written as:
Cu0 + H,Cu+ H,0 ©)

where k; and k; denote reactions rates, the shape of the kinetic curves
(see Fig. 4) suggests that the order of the reaction is zero. Therefore, the
velocity of the reaction can be written as:

d[CuCO;]

V= —
! dt

=k (10

+
o
N}

o
>
Temperature Difference (°C/mg)

40 L L L L
0 100 200 300 400 500

Temperature (°C)

Lo

-0.2
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_d[cuo] _

V, =
2 dt

k 1D

From the experimental data shown in Fig. 4, reaction rate constants
were determined. Obtained values are shown in Table 2.

It can be seen that in the case of the experiments carried out above
210 °C, there are no changes in the reaction rate for the first reaction.
This suggests that above this temperature the process is controlled by
mass transport (CO2) from the copper (II) carbonate surface. However,
below this temperature, the process is activation controlled or in the
range of mixed control. Clearing this uncertainty requires a detailed
study of the mechanism, which is not the subject of this work. However,

100 T T T T T T T T T
—— T=200°C
—— T=210°C
90 —T=220C ]
—— T=240°C
9 Ar+5%H,
< 80
@ V,=k,
8 V,=k,
&
8 70 1
=

60

50 L L L L L L
40 50 60 70 80 90 100

Time (min)

0 10 20 30

Fig. 4. Influence of experimental temperature on the process rate. Experi-
mental conditions: gas flow 100 mL/min.

o
o

©
=]
T
+
o
N}

®
o
T

Masas‘ (%)

Temperature Difference (°C/mg)

0.0
60 -
50 -
40 L L L L -0.2
0 100 200 300 400 500

Temperature (°C)

Fig. 3. DTA analysis: A) copper carbonate in the atmosphere of 95%Ar and 5% Hy, B) copper carbonate in the atmosphere of 100% Ar. Experimental conditions: gas

flow 100 mL/min.
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Table 2

The influence of temperature on the reaction rate.
T, °C k; R? ko R?
200 0.873 + 0.0018 0.984 0.496 + 2.38 x 10°* 0.995
210 1.780 + 0.03146 0.988 0.704 + 0.00109 0.997
220 1.772 + 0.01103 0.978 0.824 + 0.00141 0.997
240 1.767 + 0.0032 0.997 1.149 + 0.00143 0.998

in the case of the second reaction, there is a clear influence of temper-
ature on the speed of this process.

The activation energy of the reaction can be determined using log-
arithmic forms of the Arrhenius equation (Eq. (12)) (See Fig. 5)

Ink, = InA, — Eax (12)
RT
where:Ay — is the pre-exponential factor, min’l,R — gas constant.E; —
activation energy.
In the case of ko, the linear correlation was found in the full range of
studied temperatures. The activation energy was found to be equal to
40.73 % and the pre-exponential factor 1.66 - 10*min ",

mol

3.3. Influence of grinder time of copper(Il) carbonate on the final copper
powder size and size distribution

It is well known that copper particles' size (powder) can be changed
by the grinding process. As mentioned in the introduction section, the
process of grinding metallic copper is very energy-consuming. The cost
of producing copper powders by this method is high, and the quality of
the products obtained is moderate. This is due to the high plasticity of
copper. The grinding process is also exothermic, which leads to stress
relief from the particles. The accumulation of stresses leads to the
cracking of the copper particles. So, we have two competing processes.
As a result, the energy cost is high. In the case of copper(II) carbonate
grinding, a significantly different case can be considered. First of all, this
salt is easily grindable. The heat released by friction is consumed in the
process of decomposing copper(Il) carbonate into copper(I) oxide.
Therefore, a series of tests were carried out in the work, where the
milling times of copper carbonate were changed in the range from 10 to
180 s. We expected that this time should be sufficient to significantly
grind the copper (II) carbonate. Obtained results are shown in Fig. 6.

As can be seen, an unexpected trend is observed. The grinding time

06f 4 ' s = ' ]
0.4f 1
02} . ]
LI
—~ 0.0+ N ]
£ 2 N u
02) R?=0.955 e ]
e
04} 1
o6l " &
. ® ky
. ~
-0.8 ! ! ! !
0.00195  0.00200  0.00205  0.00210
1T (KT)

Fig. 5. Determination of activation Energy using Arrhenius dependence.
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did not reduce the mean value of the particle size. In fact, larger particles
are observed after longer grinding times. For example, after 90 s of
grinding time, particles with a diameter of 128 pm are observed. This
phenomenon effectively limits the grinding process as a method of
reducing the particle size of salt. To explain this problem, SEM analyzes
of the selected samples were carried out. Obtained results are shown in
Fig. 7 and Fig. 8.)

There is a significant difference in the obtained results between the
SEM method and laser light scattering. It is probably related to the very
strong electrostatic interactions of copper (II) salt particles and their
aggregation. This electrostatic interaction is so strong that the analyzer
(Malvern Mastersizer 2000) is not able to identify particles as separated
ones. The existence of aggregates explains very well why longer grinding
times result in apparently larger particles. It is clearly visible that the
particles after the grinding process are much smaller. Therefore, in the
further parts of the work, the histograms presented are based on the
analysis of microscopic images.

Then, the ground salts were subjected to a reduction process with a
hydrogen/argon mixture. All experiments were performed under iden-
tical conditions to check whether a grinding time in the range of 10-180
s had an effect on the size of the copper powders.

Scanning microscopy makes it possible to examine the morphology
of the obtained powders. This method is reliable, provided that a suffi-
ciently large statistical sample is made. In our case, we assumed that
every time the measurement should be made for at least 100 particles at
different fragments of the samples. In this way, the human factor and the
pseudo-randomness of observations are eliminated.

SEM images were used to determine the particle size distribution.
The results obtained are presented below (see Fig. 9).

In order to make it easier to interpret the obtained results, in Fig. 10,
we present the average size and distribution of the average size of copper
powders as a function of grinding time.

As expected, there is an influence of the grinding time on the size of
the copper powders. It is surprising that the grinding time practically
does not change the size distribution. The change is significantly
noticeable after 10 and 30 s. This is, of course, related to the type of
grinder used. The centrifugal force causes the particles to quickly settle
on the walls of the grinder, as a result of which longer grinding is
ineffective.

3.4. The influence of temperature on the copper powder size and size
distribution

As shown by the fallout results in Chapter 3.2 Process rate studies,
one of the important parameters of the process of obtaining copper
powders is the temperature of the process itself. The results obtained
from SEM images are presented (see Fig. 9 and Fig. 11).

In order to make it easier to interpret the obtained results, in Fig. 12,
we present the average size and distribution of the average size of copper
powders as a function of the temperature of the process.

Using a higher temperature speeds up the process. It can also lead to
local overheating of the material and, as a result, sintering and grain
aggregation.

3.5. XRD analysis

The XRD pattern of the fine Cu powder obtained is shown in Fig. 13.
No extra diffraction peaks corresponding to CuO, Cu0O, or CuCOs3
phases are detected, indicating that pure Cu fine powder was success-
fully produced. The intensity of the peaks is sharp and narrow, con-
firming that the sample is of high quality with good crystallinity and fine
grain size.

From XRD results and using Williamson-Hall's method, the crystal-
line size was calculated. This theory states, that the broadening of the
peak comes from a strain of the lattice and crystalline size (Eq. (13))
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Fig. 6. The influence of grinding time of copper(II) carbonate on the final size of particles.

Pr=Pp+Pe 13)
where f is broadening of the peak, pp is broadening from the crystalline
size, and fe is broadening caused by strain. By transforming Sherrer's
equation (Eq. (14)) we know that:

KA
= 14
Po Dcos6 a#
The Broadening caused by microstrain is given by (Eq. (15)):
P. = 4 etand (15)

By putting Egs. (14) and (15) into Eq. (13) and after multiplying both
sides by cos(6) The following equation was obtained:

K
Prcosd = e(4sinf ) +——

D (16)

By comparing it (Eq. (16)) to the standard line equation we can
determine the size component by calculating the intercept value (.
Fig. 14). The final equation needed to calculate the crystallite size by
Willamson-Hall's method is shown in Eq. (17).
K 2

Dy p =—

C a7

According to the obtained result, the size of the produced copper
crystallites is equal to 63.6 nm. Small grain size has a negative impact on
the conductivity of the material due to many grain boundaries since they
reduce the free flow of electric charge but also are responsible for
stronger mechanical properties of obtained products from this material.

3.6. BET analysis

We conducted BET analyzes to verify the degree of surface devel-
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opment. It should be expected that as a result of the reaction, the Cu (I)
ions will be reduced to Cu (0). This is accompanied by a change in the
density of the material. The density of solid copper is 8.96_%;, and
copper carbonate is 4.0 ;. We expect the resulting copper powder to be
porous at low temperatures. The diffusion of atoms on the surface is very
slow, making it impossible to minimize surface energy and obtain
spherical solid particles. The results obtained using the BET method as

9{‘,’7

5.0kV 16.8mm x5.00k SE(M)

=
Q) .

5.0kV 14.6mm x5.00k SE(M)
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well as calculated from DLS measurements (Mastersizer) are shown in
Table 3.

The algorithm used by the Mastersizer device calculates the surface
area of the particles taking into account their hydrodynamic radius. This
method is not sensitive to the porosity of the material. As can be
observed in Table 3, there is a correlation between results obtained from
BET and DLS. As the process temperature increases, the surface of the
powder is less developed. The influence of the grinding time of copper
(II) carbonate on the particle size was also investigated. The results
obtained are presented in Table 4.

There is apparently a decrease in surface area due to grinding. The
conducted ANOVA test, whether there is a linear correlation between
the grinding time and the surface area, clearly indicates that there is no
such correlation. So basing only and solely on BET measurements may
also be inappropriate.

3.7. XRF study

The results of the chemical composition measurements are presented
in Table 5. Due to the signal from silicon observed in each sample (most
likely resulting from the SiOy sample holder), the results of the analysis
were calculated disregarding the silicon content. The composition for
both calculation variants was reported. Additionally, the values of
matching the measured spectrum to the theoretical spectrum (R / RO)
were given, confirming the correctness of the performed measurements.
The measured sample was powder reduced at a temperature of 300 °C.

Even for the lowest of tested temperatures, the obtained powder
shows high purity. This result backed further by the results from XRD
analysis confirmed that the reaction has been entirely completed.

3.8. Conductivity test of obtained powders

The conductivity test was based on the measurements presented by
Juan et al. [65]. The measuring system consisted of a cylindrical die of

" 10.0um 5.0kV 14.5mm x5.00k SE(M)

' 10.0um 5.0kV 14.6mm x5.00k SE(M)

Fig. 8. SEM image of copper powder synthesized at 300 °C, synthesized from carbonate ground for different times. A)10 s, B)30 s, C)90 s, and D)180 s.
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Fig. 9. The influence of grinding time of copper(Il) carbonate on the final size of copper powder. Experimental conditions: T = 300 °C, gas flow rate 20 L/h, time: of

reduction 2 h, heating rate 5 °C/min.

an electrically insulating material (Teflon, ~102 0 m), two brass pis-
tons, and two copper sheets covert with insulating sheets from one side.
The test procedure was as follows: a known amount of powder was
poured into the Teflon die and stoppered by the bottom piston. Next, the
setup was shaken and the rest of the powder fit into the die. After that,
the top piston was mounted and the assembly was put into the hydraulic
press, isolated from it by two copper sheets covert from one side with
insulating sheets. After that, the copper sheets were connected to the
Ohmmeter and the resistivity and distance between the ends of the
pistons has been measured. By measuring that distance, it was possible
to calculate the volume occupied by copper powder and further
compaction degree. The powder mass porosity was reduced by
increasing the load along the upper piston. Resistance measurements
were carried out for all porosities at room temperature (approx. 25 °C).
The scheme of the experimental assembly is presented in Fig. 15.

As can be seen in Fig. 16, for low compaction degree values, there is

almost no visible increase in conductivity. It is caused by an extremely
high resistance starting value (40 MQ). The obtained conductivity
values are consistent with the literature [66]. The conductivity of copper
is equal to 5.79 x 10’ S/m. Even after taking into consideration that
powder material, no matter the compaction degree will never reach the
conductivity of bulk material the obtained values of the copper powder
are very underwhelming. The reason behind this is nanometric scale
crystallites size. The grain boundaries are barriers to electron flow,
which is why the metal with less structure deformation and larger grain
size will have much higher conductivity.

The nano-size grains are also the reason why the obtained powder is
strongly reactive with air, which results in rapid oxidation of the pow-
der. Even if the XRD analysis shows no proof of CuO and Cu3O phases,
we cannot dismiss the possibility of extremely thin oxide film on the
surface of the powder. The conductivity of copper is extremely depen-
dent on the purity of the material which is why even a small amount of
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the oxide, especially at the interface between particles can cause a sig-
nificant decrease in the conductivity.

The obtained powder was produced with conductive paste produc-
tion in mind. At later stages of this process, copper powder is sintered.
That is why initially low conductivity of the pure powder does not limit
its application in conductive pastes and good compatibility caused by
the small particle size and round-like shape of the particles are more
important.

The obtained copper powders, after synthesis, must be stored in an
inert gas atmosphere. They undergo quick oxidation due to low particle
size. While maintaining the protective atmosphere, no influence of the
storage time on the properties of the powder is observed. At work, the
powders were stored in a mixture of Ar + Hy (95: 5%). Conductivity
measurements were made on powders, 3 months after their synthesis.

3.9. Sustainable metrics

As with other heavy metal derivatives production, copper powder
synthesis raises an environmental challenge. Overall, copper production
annually demands about 600 million GJ of energy contributing 0.21%
greenhouse gas emission among all-metal production [67]. This is even
more evident when assessing the environmental impact along with the
Green Chemistry principles such as the process mass index (PMI), which
would show an unfavorable ratio of process mass inflow as rated by the
product outflow. Accordingly, fresh ideas on process design, as proposed
in this paper, may attenuate the environmental footprint, and recycling
and circular-flowing processes are effective in reducing the PMI. Those
ideas follow the “R framework” of sustainability science [68], and
among those principles three “R's” are applied in this work, which are
reduce, reuse and recycling. It has to be, however, noted that recycling
loops involve secondary processes, which might generate additional
secondary waste and/or impacts. In this perspective, a life cycle
assessment (LCA) of the process proposed here is conducted [69], which
is benchmarked with current copper processes on atomization, elec-
trolysis, hydrometallurgy, or solid-state reduction. Regarding bulk
copper production, LCA studies have been described for diverse meth-
odologies regarding pyrometallurgical and hydrometallurgical pro-
ductions [70-72]. Besides that, Song et al. [73] and Kulczycka et al. [74]
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quantified the environmental impact of copper processes and, based on
this, proposed alternatives for reducing energy use and environmental
impact.

The LCA of the process proposed here investigates both the first,
following and last cycles since recycling loops are initialized after the
first cycle, see Fig. 1. Analogously, the last cycle stops with recycling.
The following assumptions on the material's conversion were taken:
>98% of carbon dioxide is adsorbed, trapped as carbonate, and stored as
such. Chlorine gas is bound to the metallic copper bulk, trapped as
copper chloride, and stored as such. Hydrogen and argon gases are
considered as waste, despite hydrogen might be burned before being
emitted or transferred to another use as a chemical or fuel.

The sustainability assessment is performed in a cradle-to-gate
fashion using 1 kmol of the copper powder as a functional unit. The
study was performed using GaBi LCA modeling software provided with
database 2020 and using the Ecoinvent impacts database. Recipe 2016
v.1.1. was taken as quantification criteria. Taking the no-waste gener-
ation policy, the model assumed stoichiometric equivalence of reagents.
Copper (II) nitrate was separated considering bulk copper, Cu (bulk),
and nitric acid as raw materials. Energy sources were taken in the most
unfavorable conditions considering EU-28 average sources.

Based on the procedure described above, Table 6 shows the in-
ventory of the starting and the other cycles. Once the recycling is initi-
ated after the first cycle, the successive cycles include only bulk copper
and energy as inputs.

LCA results of environmental impacts of the first cycle are shown in
Table 7. This step is chosen because it is the most unfavorable due to the
larger amount of raw materials needed for starting the main process,
including recycling. Not surprisingly, all impact categories are high.
Among those, the highest scores are given for the global warming po-
tential (GWP) with 879 kg CO-eq./kmol, fossil depletion with 238 kg oil
eq/kmol, and terrestrial ecotoxicity with 23,197 kg 1,4-dB eq./kmol.
Other relevant impacts are found for freshwater consumption with 6.28
m3/kmol, freshwater ecotoxicity with 0.911 kg 1,4-dB eq/kmol, and
marine ecotoxicity at 11.6 kg 1,4-dB eq/kmol. Taking a pyrometallur-
gical Cu (bulk) process for a rough comparison, the process by Dong
et al. [67] reported a GWP of 315 kg CO2-eq/kmol, an abiotic depletion-
elements of 43 kg Sb-eq/kmol, a freshwater ecotoxicity of 7067 kg 1,4-
DCB-eq/kmol, and photochemical oxidation of 0.701 kg ethylene-eq/
kmol. Additionally, the same reference described the impacts
regarding a hydrometallurgical method for Cu (bulk) production,
scoring a GWP of 395 kg CO»-eq/kmol, an abiotic depletion-elements of
34 kg Sb-eq/kmol, a freshwater ecotoxicity of 23,718 kg 1,4-DCB-eq/
kmol, and photochemical oxidation of 0.158 kg ethylene-eq/kmol.
Those literature-reported values are lower than the values obtained in
the first cycle of the proposed process in this paper, but in the same
impact range concerning the successive cycles once when recycling is
effective. It has to be acknowledged that, while the literature values
refer to the production of bulk copper, our process described produces a
high-quality copper product at the same environmental expense; thus
sustainability impact per product value is higher for our process.

The share of impacts stemming from the ecological backpack from Ar
and Cu inputs into the LCA scores is evident when compared to the case
of the first cycle scenario when those impacts are considered to be ab-
sent. Fig. 17(left) shows that this leads to a decrease of about 40% or
higher in 8 over 18 categories, considered in this study. Especially
relevant are the stratospheric ozone depletion and marine eutrophica-
tion with a reduction of around 80% and 60%, respectively. The GWP is
reduced by half when not considering Ar and Cu in the first cycle sce-
nario. These results are in accordance with the literature since Cu has
significant ecotoxicity and human health risks, as reported by Chen et al.
[75] regarding mobile phone wastes, ranging from 52,344 to 123,937
PAF-m®3.day-kg~!. The score for Cu is the most significant of all heavy
metals considered in this analysis. In this case, the influence of Cu-
containing material on the overall environmental impact is about
58%. Similar results are also obtained regarding the utilization of waste
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Fig. 11. The influence of temperature of reduction on the particle size and size distribution.

printed circuit boards, where the Cu impact is highest in a range of
13,273-28,153 PAF-m?’-dayvkg_l. [76] In the latter case, the Cu share on
environmental impact is almost 90%.

In our process, once the first cycle is completed, the environmental
footprint turns much more favorable. Due to recycling, no loading of
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materials is necessary anymore. As shown in Fig. 17(right), most of the
LCA impacts show about a 60% decrease for the second and successive
cycles as compared to the first one, and some even have significant re-
ductions approaching 95%. Only the metal depletion impact keeps high
(10% increase over the first cycle) because of the Cu (bulk) reload.
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Fig. 13. X-ray diffraction pattern of Cu fine powder obtained in reduction
process with the temperature of 300 °C.

Since the proposed recycling processes lead to a relevant reduction of
environmental impacts, an extended production time could almost
vanish the negative impact of the first cycle. Recycling should also affect
the circularity of the process. Assuming that both Ar and Hy would be
wasted in the last cycle, a recycling factor (Fg) of 0.87 can be calculated.
Nevertheless, the recycling efficiency (Ep) is highly influenced by the
waste generation of the last cycle, which delivers a lower value of 0.4.
These parameters sum up to a material circularity indicator (MCI) for the
whole process of 0.56 if the first production cycle is considered. MCI is
the main circularity index that indicates the degree of restorative
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Table 3

Analysis of the structure of the material.

The temperature of
synthesis, °C

Surface area (BET),
mz/ g

Specific Surface Area (DLS),
mz/g

300 1.410 + 0.004 0.220

350 1.125 + 0.002 0.214

400 0.952 + 0.007 0.125

450 0.650 + 0.007 0.084

500 0.554 + 0.005 0.091
Table 4

Size of CuCOj3 particles used for Cu powder synthesis.

Grinding Surface area (BET), Specific Surface Area, m?/g — obtained
time, s m?/g from Mastersizer
10 2.727 £+ 0.009 3.33
30 2.671 £ 0.009 2.31
90 2.049 + 0.008 2.35
180 2.049 £ 0.008 2.41
Table 5

The chemical composition of Cu fine powder obtained in the reduction process
with the temperature of 300 °C, obtained from the XRF method.

Sample name Amount (%) R/Rg
Cu Si P Cl Ca

Cu powder red. 300 °C 94.91 4.74 0.11 0.05 0.19 4.8
99.65 - 0.11 0.05 0.19 4.5

material flows. This indicator can be higher by allowing the production
in consecutive cycles since e.g. the waste generated in the last cycle
would remain in the same order of magnitude, while the Cu powder
production would increase.

Finally, the energy consumption of conventional methodologies
based on electrolytic and atomization pathways to produce Cu powder
shall be compared to the approach proposed in this paper. Using the
conventional electrolytic route, the power consumption per ton of final
product is given as 3800-4200 kWh.t™!, while the atomization route
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Fig. 16. Conductivity of pressed powder in the function of compaction degree.

takes around 2000 kWh.t™! [2]. The process described in this paper
needs 5000 kWh.t ™}, thus being higher than for the conventional pro-
cesses but still within the same order of magnitude. While Xia et al. [36]
report a low power consumption for the electrolytic route as 719 kWh.
t~! the particle size of the product is almost 50 times larger. Thus, to
produce the powders with similar properties the power consumption
would be significantly larger and it is incomparable to the method
proposed in this paper. The heat transfer from Ar to CuCOs recycled in
the main reaction with an efficiency of 85% has a major effect on the
overall energy efficiency. Thus, the total environmental effect is two-
fold: the higher energy need of the new proposed process is counter-
balanced by its benefits in materials recycling and waste avoidance.
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Sustainable impacts First Successive
cycle cycles
Climate change, incl biogenic carbon [kg CO2 eq.] 879 325
Fine Particulate Matter Formation [kg PM2.5 eq.] 0.624 0.123
Fossil depletion [kg oil eq.] 238 101
Freshwater Consumption [40] 6.28 1.36
Freshwater ecotoxicity [kg 1,4 dB eq.] 0.911 0.0183
Freshwater Eutrophication [kg P eq.] 0.00217 0.000813
Human toxicity, cancer [kg 1,4-dB eq.] 0.43 0.0742
Human toxicity, non-cancer [kg 1,4-dB eq.] 365 6.22
Tonizing Radiation [kBq Co-60 eq. to air] 7.82 2.19
Land use [Annual crop eq.-y] 423 10.8
Marine ecotoxicity [kg 1,4-dB eq.] 11.6 0.0527
Marine Eutrophication [kg N eq.] 0.0294 0.0186
Metal depletion [kg Cu eq.] 115 127
Photochemical Ozone Formation, Ecosystems [kg 1.42 0.613
NOx eq.]
Photochemical Ozone Formation, Human Health 1.407 0.608
[kg NOx eq.]
Stratospheric Ozone Depletion [kg CFC-11 eq.] 0.00146 0.00113
Terrestrial Acidification [kg SO2 eq.] 1.896 0.346
Terrestrial ecotoxicity [kg 1,4-dB eq.] 23,197.4 54.6
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Fig. 17. Percentage of impacts reduction in the first cycle scenario when Cu (bulk) and Ar impacts are not considered, (left) and percentage of impacts reduction

when the second cycle is compared with the first one (right).
4. Conclusion

The paper proposes a technology for producing copper powders
using a thermochemical wasteless method. The proposed technology is
based on known electrochemical, chemical, and thermal reactions. Each
step has been analyzed with a comparison to existing scientific literature
showing the practical applicability at every stage. The influence of pa-
rameters such as the reduction temperature of copper carbonate and the
grinding time of copper carbonate on the size and size distribution of the
obtained powders was investigated in detail. The performed research
showed that these factors affect the size and size distribution of the
copper powder. XRD study shows no extra diffraction peaks corre-
sponding to CuO, Cuy0, or CuCOs3 phases are detected, indicating that
the pure Cu fine powder was successfully produced. The XRF analysis
further proves the high purity of the obtained product. The crystallite
size calculated from Williamson-Hall's method was equal to 63.6 nm.
The nanometric scale crystallites cause high reactivity of obtained
powder with air and rapid oxidation of copper. Due to this problem, the
produced fine copper powder needs to be stored in an inert gas atmo-
sphere. Although the results from the conductivity test of produced
powders showed low conductivity, the melting stage in the conductive
paste production process eliminates this problem. Therefore, the results
suggest the potential applicability of the studied method for the mass
production of high-quality copper powders with zero environmental
impact. While the first cycle energy consumption is equal to 230 kWh/
kmol Cu, in the subsequent cycles only power is needed to be supplied,
where other substrates are circulating as shown in the provided tech-
nology concept. Even though the energy needed to produce this powder
is high, the neutral-to-environment technology, high purity, and mean
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grain size as low as 1 um, show the great potential of this technology. An
LCA assessment of the process shows improvements for several major
LCA impact categories due to the recycling of the chemicals involved in
the process. The first and last cycles are different from the many pro-
duction cycles which they encompass and which exert the recycling. The
latter shapes the environmental profile and shows that the process idea
presented in this paper is sustainable. This is also expressed when
bringing these effects into a single value, which is the mass circularity
indicator (MCI), scoring 0.56. Most of the LCA impacts show significant
decrease percentages when comparing the second and successive cycles
scenario with the first cycle one, ranging between 60 and 90% decrease
in most cases. The new process profits from a long run cycles, meaning a
high number of production cycles, since then relatively lower waste is
created, relative to that made in the first cycle.
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