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1. Introduction

Nickel as 24" metal element is one of the most frequent
element available in earth’s crust. Wide range usage made
of nickel in different industries has led it to be considered
as a strategic metal. In fact, this variety of application is
resulted from various physical and chemical properties of
this metal "*. This is one of the important metals in indus-
try and a basic one for modern technologies and industry.
It is also important in energy, telecommunication, shape
memory alloy, and electronics industries that are necessary

*Corresponding Author:
Khanali Nekouee,

Nickel has found increasing application in electronic, automobile
manufacturing, plating, and metal industries and so on. Producing high
quality metal powders to satisfy increasing demand for advanced materials
is of very high importance. There are a few numbers of standard powder
production techniques. An acidic leaching has been applied in present
research. Sulfuric acid has been used to leach nickel wastes of plating
industry. To produce nickel oxide powder furnaces with no protecting
atmosphere and to produce pure nickel powder, tube furnace with hydrogen
atmosphere has been applied. Variables performed in the research are
time, density of sulfuric acid, and amount of hydrogen peroxide. To
analyze powders produced, EDS element analysis and to determine size of
powder particles, SEM has been applied. It was shown by the results that
the highest amount of nickel dissolution in sulfuric acid (98%) has taken
place during one hour and there is a direct relationship between hydrogen
peroxide amount and nickel dissolution in sulfuric acid.

for economy, medical industry and or substructures ™.

Some studies have been performed in this respect which
will be referred to

Mansi et al. ¥ with leaching of catalysts in a solution
of 50% sulfuric acid, solid to liquid ratio 1:12 and in par-
ticle size less than 500 microns for 5 hours, at 100 °C with
a stirring of 800 rpm, about 99% Recover of nickel. Oza
et al. ' used ultrasound to recover nickel from the cata-
lysts along with the leaching method. In this work, they
were able to extract about 95% of nickel from the text of
nickel-alumina catalysts by nitric acid at a concentration
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of 40% at 90 °C and a solid to liquid ratio of 1:10 (g/mL)
for 50 minutes. Using ultrasound, the recovery time was
reduced from 7 hours to 50 minutes.

Randhawa et al. " conducted a study in which the
leaching kinetics of nickel-cadmium batteries by sulfu-
ric acid were investigated. Their results showed that the
concentration of sulfuric acid up to 10% had a significant
effect on the recovery of cadmium and nickel. However,
nickel recovery was much lower than cadmium. Addition
of hydrogen peroxide improved the nickel leaching kinet-
ics, and nickel recovery increased to 96% at 5 hours of
leaching, and nickel leaching also increased with increas-
ing temperature. Driss et al. ™ used sulfuric acid and hy-
drochloric acid to recover nickel from palm oil catalysts.
In this work, they investigated the effect of acid concen-
tration parameters, solid to liquid ratio, temperature and
leach time and found that sulfuric acid is more effective
for nickel recovery. If the concentration of sulfuric acid
is 67%, the leaching time is 140 minutes, the solid to liquid
ratio is 1:14, about 60% of nickel will be recovered at 60 °C.
If the temperature is above 80 degrees Celsius, this value
will decrease.

In another study by Abrar et al. ™| the recovery of
nickel from a catalyst was investigated using the pressure
dissolution method in nitric acid. The catalyst for this
study is NiO/ALO,, which is used for direct reduction and
production of sponge iron. Results showed that at 140 °C
maximum dissolution can be obtained but over this opti-
mum temperature a reverse effect is noticed. Another im-
portant factor is the Rpm change effect, as a change from
600 to 300 caused a decrease of 10% of dissolution effi-
ciency. Finally, it is shown that efficiency was improved
when dissolution time increased.

Gharabaghi et al. "” conducted a study entitled leach-
ing kinetics of nickel extraction from hazardous scrap by
sulfuric acid and optimization of dissolution conditions.
It was found that nickel extraction increases with increas-
ing sulfuric acid concentration, temperature and leaching
time. Reducing particle size and solid to liquid ratio in-
creased the dissolution of nickel. The extraction speed
increased with increasing stirring speed and reached the
highest level at 500 rpm. The maximum leaching rate was
97% at 25 °C after 30 minutes.

Liu and et al. """ conducted research to produce
high-purity basic nickel carbonate through chemical
precipitation. They used electric double layer model to
illustrate the adsorption mechanism of ions of sodium and
chlorine and other impurities on solid surface. Experimen-
tal results indicate that the new process is very effective to
remove Na™ and CI to a level of both less than 0.01 wt%.
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Li and et al. " also conducted research for the hydrother-
mal synthesis of nickel or cobalt-based carbonate hydrox-
ides used in the production of supercapacitor electrodes.
The results showed that the nickel-cobalt carbonate hy-
droxide electrode shows excellent cycling stability and is
suitable for the production of supercapacitors.

In a study, Wu and et al. "' produced nickel nanopar-
ticles used in supercapacitors using hydrazine hydrate
reduction. After conducting the experiment, nickel nano-
particles with a particle size of about 12 nm were obtained
and they concluded that due to the good conductivity of
nickel particles, it is a suitable option for producing super-
capacitors. Huang and et al. " investigated the method by
which nickel nanoparticles were produced. In this method,
the production cost was reduced and nickel nanoparticles
in the range of 180 nm to 260 nm were produced. They
also controlled the size range of nickel particles by ad-
justing the reaction molar ratio and concentration. In one
study, Li and et al. " produced ultrafine nickel powder
and crystalline film using chemically controlled reduction.
Their results showed that pure black nickel powder can be
obtained when the pH > 10.0 and the temperature is in the
range of 85 °C ~ 958 °C. RF plasma synthesis of nickel
nanopowders via hydrogen hydroxide/nickel carbonate
reduction was performed by Bai et al. '”. They were able
to produce nickel nanoparticles in the size range of 60 nm
to 100 nm, which are used in the production of electrode
materials.

Ultra fine nickel powder was produced by polyol meth-
od and its oxidation product by Zhou and et al. ", The
results of this research showed that the high content of
water in Ni(OH), increases the reaction rate in the solu-
tion and decreases the average particle size of nickel pow-
ders. Paserin and et al. """ investigated different methods
for the mass production of nickel-based nanomaterials by
the carbonyl process in a review article. In the research
conducted by Alena and et al. !'”), the structure and proper-
ties of nickel nanoparticles prepared by selective leaching
were investigated. They came to the conclusion that with
this method it is possible to achieve a particle size of less
than 5 nm and by increasing the temperature from 20 °C
to 80 °C, the particle size will be in the range of 10 nm to
15 nm. Archana and et al. ** conducted a research titled
recovery of nickel powder from copper electrolyte by
electrolysis. They were able to recover 87% of the nickel,
which increased to 99% under certain conditions. The pu-
rity of the produced powder was §9.99%.

Since nickel powder is one of the basic and important
metals in the industry, the production of this powder with
high purity will be of special importance. After a lot of
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research, we came to the conclusion that one of the im-
portant sources for the production of nickel powder is the
use of nickel wastes, especially nickel wastes produced by
electroplating. As shown in the research, one of the best
methods for producing metal powder is the acid leaching
method. For this reason, we decided to produce high-puri-
ty nickel powder, which is used in various industries, from
nickel waste by acid leaching method, which will be fully
explained in the following process.

2. Materials and Method

Main materials used in the research have been pre-
pared from plating wastes. EDS analysis of the material
is shown in Figure 1. For acidic leaching of the material
also, sulfuric acid Merck (98 wt%) has been used.

Reaction times have been selected 5, 10, 20, 30, 40, 50,
and 60 minutes; while, sulfuric acid concentrations have
been 20%, 40%, 60%, 80%, and 98%. One of the methods
to increase dissolution speed of nickel wastes in sulfuric
acid is adding H,0, which effect of it has been studied
through adding 50 cc, 100 cc, 150 cc, 200 cc, and 250 cc
of the material. To stir and heat the solution in different
stages of producing nickel powder, IKA/RCT basic hot
plate stirrer (made in Germany) has been used. Producing
nickel carbonate from nickel sulfate would be performed
by sodium carbonate. Industrial type of sodium carbonate
has been used in present research. To better perform the
reaction between nickel sulfate and sodium carbonate, the
temperature of the hot plate was set to 60 degrees Celsius.
After finishing the reaction (Chemical reaction 2) and pro-
ducing nickel carbonate, filter paper (Whatman) was used

Electron Image 1

to separate the solution from it. There is a possibility that
there is sodium in the nickel carbonate, which requires a
lot of washing to remove it, because sodium is soluble in
water. To do so, distilled water has been used to produce
nickel oxide and finally pure nickel, two different furnaces
with controlling atmosphere have been required. In the re-
search and to produce nickel oxide from nickel carbonate;
ordinary furnace (AZAR-FURNACE M35L) with no con-
trolling atmosphere has been used for one hour at 700 °C
(Chemical reaction 3). Finally, a hydrogen Fulled tube
furnace (AZAR-FURNACE TF5/25) was used to convert
nickel oxide into high purity nickel powder (Chemical
reaction 4). The reduction process took place in two dif-
ferent cycles. The first cycle was performed at 700 °C
for 2 hours and the second cycle at 600 °C for 4 hours. In
general, production stages of nickel powder from nickel
wastes include the four following stages:

Producing nickel sulfate from nickel wastes:

(H,SO, + Ni=NiSO, + H,) Q)
Producing nickel carbonate from nickel sulfate:

(NiSO, + Na,CO, = NiCO, + Na,S0,) )
Producing nickel oxide from nickel carbonate:

(NiCO; =NiO + CO,) 3)

Producing high purity nickel powders from nickel oxide:
(NiO + H, =Ni + H,0) @)

General production procedure of nickel powder is
shown in Figure 2.

To determine EDS point analysis and to image pro-
duced powders, Vega/TScan SEM (made in China) has
been used. Minimum diameter of the device where the
sample is contacted is 2 nanometers.
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Figure 1. EDS analysis of wastes used in the research.
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Figure 2. Flowchart of the research to produce high purity nickel powder.

3. Results and Discussion

After all four stages of producing nickel powder
through acidic leaching, amounts of the product obtained
in tests with final product have been computed and com-
pared in reactions. In Table 1, the obtained have been
compared with reaction stoichiometry reactions. At first
stage, final product is nickel sulfate.

According to stoichiometry of the reaction, about 59.84
gr nickel would be dissolved in 100 gr sulfuric acid. The
test and solving nickel waste in sulfuric acid has been
performed for several times; and, nickel amount dissolved
has been about 15 gr ~ 20 gr. End of the test has been con-
sidered to be at the point that no additional nickel would
be dissolved in the solution and it would be considered
as saturated. Final product of the second stage is nickel
carbonate. According to the reaction stoichiometry, 68.48
gr sodium carbonate has to be consumed in each 100 gr
of nickel sulfate so that the reaction would be complete;

and, finally, there would be 76.7 gr nickel carbonate. This
amount of sodium carbonate used for produced nickel
sulfate in the research is very high; because, less nickel
has been dissolved in sulfuric acid, compared to stoichi-
ometry. Therefore, different amounts of sodium carbonate
have been tested. Finally, it became clear that 30 gr so-
dium carbonate is appropriate for each 100 gr of nickel
sulfate solution and the reaction would be complete. Third
and fourth stages are well matched with stoichiometry.
High difference in stages one and two can be due to type
of nickel wastes used as well as purity of acid. Numbers
obtained in stoichiometries reactions’ will consider all
conditions as ideal which their performance would be
very hard and sometimes impossible in practical and lab
conditions.

As referred to in the Research Materials and Method,
one of the most important parameters in increasing disso-
Iution of nickel wastes is sulfuric acid concentration, time
and amount of hydrogen peroxide. The results obtained

Table 1. Comparing reaction products obtained in the research through stoichiometry.

Final weight of the product in

Final product weight according

Stage number Final product the laboratory to stoichiometry Difference (%)
1 NiSO, 52.73 157.78 66.5
2 NiCO, 33.6 76.7 56.2
3 NiO 61.36 62.92 2.46
4 Ni 77.17 78.57 1.27
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from effect of these three parameters in dissolution of
nickel wastes in sulfuric acid would be presented in this
paper. Figure 3 shows effect of sulfuric acid concentration
on amount of nickel wastes’ dissolution. The test for all
concentrations has been performed during one hour. As
shown in the above figure, through increase of sulfuric
acid concentration, dissolution amount of nickel wastes
would be increased. At 20% and 40% concentrations,
dissolution amount is very low and there is no main dif-
ference between the two concentrations; however, at 60%
to 98% concentrations, a steep slope would be created in
dissolution of nickel wastes. This shows that sulfuric acid
with concentrations more than 60% can end to acceptable
results.

In continuation of studying parameters, effect of reac-
tion time duration has been dealt with. The test has been
performed in sulfuric acid (98%), showing the highest
efficiency in terms of dissolution in previous section. The
results are provided in Figure 4. Figure 4 showed that,
through increase of dissolution process time, more nickel
wastes have been dissolved in sulfuric acid. This dissolu-
tion would be continued till saturation of the solution.

Another important parameter studied was the effect of
amount of hydrogen peroxide on amount of dissolution
(Figure 5). The test has been performed during one hour
dissolution time in sulfuric acid (98%).

It became clear that adding hydrogen peroxide has a
positive effect in increasing dissolution of nickel wastes
in sulfuric acid. The reason for increased dissolution is
increased oxidation and activation of surface of nickel
wastes. As shown by the results, in previous test and dur-
ing one hour 15.3 gr nickel wastes have been dissolved
in sulfuric acid (98%). This amount has been increased to
16.91 gr after adding 50 cc hydrogen peroxide to the solu-
tion, through increasing of hydrogen peroxide to the solu-
tion, dissolution amount of nickel wastes also has been
increased. To study purity of nickel powder produced in
the research, EDS element analysis has been performed
on powders (Figure 6).

Nickel powder produced is of 99.6% purity which is
high; however, existence of 0.4% of sulfur in analyses of
powders can be due to following reasons: firstly, in initial
analysis of nickel wastes there is about 1% sulfur which
has been remained till the final stage of powder produc-
tion. Secondly, the reason justifying this amount of sulfur
goes back to the first stage of nickel powder production
and preparation of nickel sulfate through sulfuric acid. To
study shape of nickel powder particles produced, images
from SEM are shown in Figure 7.
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Figure 3. Effect of sulfuric acid concentration in dissolu-
tion of nickel wastes.
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Figure 4. Effect of reaction time duration on dissolution
of nickel wastes.
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Figure 5. Effect of amount of hydrogen peroxide on dis-
solution of nickel wastes.
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Figure 6. EDS element analysis performed on produced nickel powder.
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Figure 7. SEM images from nickel powder produced.

It can be suggested that powder particles produced had
porous and irregular shape. To determine size distribution
of produced powder particles, sifting is one of the com-
mon methods. To do so, 80 gr of nickel powder has been
separated and passed through screen to determine size of
particles. Size distribution of powder particles is shown in
Figure 8.

The highest distribution is related to the range of 44
microns ~ 74 microns. Size of powder particles during
third and fourth stages related to production of nickel
oxide and pure nickel can be controlled. If at reduction
stage of powders, temperature would be reduced and time
would be increased; lower size of particles would be re-
sulted. Therefore, the reduction temperature was 600 °C
and the time was 4 hours. Elemental analysis (EDS) of
nickel powder produced was performed after the comple-
tion of this cycle (Figure 9). As shown in the Figure 9, the
nickel analysis shows a value of 100%.
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Figure 8. Size distribution of nickel powder produced in

the research.
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Figure 9. Elemental analysis (EDS) of nickel powder
after a cycle of 600 °C and a time of 4 hours.
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SEM images were also obtained from samples of pow-
ders produced in this cycle (Figure 10). Due to this shape
and compared to the sample of powders produced from
the previous cycle and Figure 7, the produced powders
were much finer. The dispersion of the powder particle
size produced in the second cycle was measured (Figure
11). According to this figure, 80.22% of the produced
powders were less than 45 microns.

VEGA3 TESCAN|

SEM HV: 20.0 kV
BI: 11.00
Det: SE
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50 pm

ECMUT

Figure 10. SEM image of nickel powder produced after
the second reduction cycle.
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Figure 11. Nickel powder particle size dispersion after the
second reduction cycle.

4. Conclusions

Acidic leaching to produce high purity nickel powder

from nickel wastes through sulfuric acid has been per-
formed in the research and the results are as follows:

1) The two parameters of sulfuric acid concentration
and duration of process have had a direct effect on dis-
solution of nickel wastes in sulfuric acid. That is, upon
increase of acid concentration from 20% to 98%, dissolu-
tion amount of nickel wastes has been increased from 0.12
gr to 15.47 gr. Also, upon increasing of time from five to
60 minutes, dissolution amount of nickel wastes has been
increased from 0.81 gr to 15.3 gr.

2) Hydrogen peroxide (H,0,) has been considered as
one of the main and important factors in increasing dis-
solution of nickel wastes in sulfuric acid. That is during
one hour fixed, 15.3 gr ~ 15.47 gr of nickel wastes have
been dissolved in the solution with no hydrogen peroxide;
however, adding 50cc of hydrogen peroxide during the
same time has led to increase of nickel wastes’ dissolution
to about 16.91 gr. This is about 10% higher than the time
no hydrogen peroxide has been used. In industrial scale,
it is considered as a considerable amount. In general and
upon increase of hydrogen peroxide, dissolution amount
of nickel wastes also has been increased due to surface of
nickel wastes becoming activated.

3) Nickel powder produced through acidic leaching
has been highly pure. Elemental analysis (EDS) of this
powder in the first reduction cycle (temperature 700 °C
and time 2 hours), showed 99.6%, which is considered as
an acceptable purity. Also, particles of nickel powder have
been porous and irregular. Size range of nickel powder
has been computed and maximum value has been related
to size of particles within the range of 44 microns ~ 74
microns.

4) After the second reduction cycle (temperature of 600 °C
and time of 4 hours), elemental analysis of the produced
nickel powder showed 100%. Also, after this cycle, the
particle size of nickel powder became smaller than the
first cycle. Most of the particle size dispersions were ob-
tained in the range below 45 microns.
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