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pH  Logarithmic and inversely indicates the 

concentration of hydrogen ions in the 
solution

SEM  Scanning electron microscope
T  Temperature K (Kelvin scale)
XRD  X-ray diffraction
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1 Introduction

The development and security of the economy depend 
mainly on the possibility of obtaining raw materials. 
This problem is one of the key priorities for the func-
tioning of the European Union. This was confirmed 
in the new industrial strategy for Europe published in 
2020 (European Commission 2020).

It includes, among others, a list of 30 critical raw 
materials for the European Union. Nickel is not on 
the list, but a number of studies concerning the pro-
jected demand for this metal in the years to come 
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draw attention to the rapid increase in demand for 
nickel. This is mainly due to the dynamic develop-
ment of electric car production, which is related to 
the use of nickel in the production of electric energy 
storage batteries (www. pap. pl).

The process of electrochemical coating (Paw-
likowski  1969) of objects made of materials char-
acterized by low resistance to corrosion with layers 
of various metals, so as to improve their corrosion 
resistance and aesthetic values, was first used by J. 
Wright in 1840. In 1842, J. F. Böttger developed the 
method of electrolytic nickel plating.

Surface treatment of metals, associated with 
the electrochemical application of nickel coatings, 
generates a large amount of liquid and solid waste, 
which poses a threat to humans and the environ-
ment. As chemical processes generate wastewater 
containing a certain type of contaminants, it must 
be subjected to treatment and cannot be discharged 
directly into municipal wastewater or biological 
treatment plants due to the presence of copper(II) 
and nickel(II) ions. Wastewater from the elec-
troplating industry contains different amounts of 
nickel. For example, the content of nickel in waste-
water (Lekhlif et al., 2014; Sivaprakash et al., 2015) 
ranged from 16.3 to 300 mg/dm3.

For this reason, the treatment of wastewater from 
nickel plating processes is usually carried out in 
closed circuits, directly on the premises of the facil-
ity generating this waste.

The system of treatment of wastewater from the 
electroplating plant consists of a neutralization, ion 
exchange and special neutralization system.

As part of the special neutralization process, 
wastewater containing cyanides, nickel compounds 
contaminated with, among others, chrome, iron and 
copper is directed to the wastewater treatment tank, 
where it is subjected to treatment. The process of 
treatment includes, among others, neutralization of 
cyanides with sodium hypochlorite, chromium with 
sodium metabisulphite, heavy metals with coagu-
lants and pH correction with NaOH and HCl. The 
waste suspension is directed to sedimentation tanks, 
from where it is supplied to filter presses for dewa-
tering. The resulting sludge is stored in hazardous 
waste landfills. The problem of selective separation 
of nickel from electroplating waste is an impor-
tant element of waste-free nickel circulation in the 
nickel plating process.

Papers (Claassen, 1966; Nechamkin, 1981) 
describe the method of selective nickel separation 
from iron and alloy steels.

Work (Brooks, 1985) describes a method of sepa-
rating nickel compounds from wastewater sludge with 
the use of DMG as a precipitation reagent.

The application of extraction methods for the qual-
itative and quantitative separation of nickel and cop-
per compounds is described in Blank et al. (1961).

Patent (Zhong, 2011) describes a method of puri-
fying liquid nickel compounds by selective precipita-
tion and crystallization methods.

Doctoral dissertation (Thomas, 2016) describes the 
method of nickel compounds selective precipitation 
using sodium trithiocarbonate  (Na2CS3). Depending 
on the process conditions (pH), different contents of 
nickel ions precipitated from the tested solutions were 
obtained.

The aim of the work was to demonstrate the pos-
sibility of using waste generated in the processes of 
electrochemical metal surface treatment to obtain 
nickel concentrates. The use of this type of waste, 
which is currently landfilled and creates environmen-
tal problems, will reduce the use of natural resources, 
and thus improve the condition of the natural envi-
ronment. The analysis of the literature shows that 
currently there are no solutions allowing for the 
low-waste and environmentally safe disposal of elec-
troplating plant waste. The innovative solutions pre-
sented in the paper allow for the inclusion of elec-
trochemical metal surface treatment processes in the 
closed-loop economy. The results of the work carried 
out are an important element of expanding knowledge 
in this area, and also present the possibilities of their 
practical implementation in industrial processes.

2  Material and Methods

2.1  Raw Materials

The subject of the research was the sludge produced 
as a result of neutralization of industrial wastewater 
from a metal surface treatment plant. The following 
were used in tests: nitric(V) acid (Chempur, analyti-
cal reagent grade), sulphuric(VI) acid (Chempur, ana-
lytical grade), hydrochloric acid (Stanlab, analytical 
grade), sodium sulphide nine-hydrate (Warchem, ana-
lytical grade), dimethylglyoxime (DMG) (AKTYN, 
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analytical grade), ethyl alcohol 99% (Chempur, ana-
lytical grade), sodium hydroxide (POCH, analyti-
cal grade), certified multi-element solutions for ICP 
(AccuStandard, USA) with concentrations of ana-
lysed elements 100  mg/l and high-purity deionized 
water for dilutions (conductivity below 0.05 µS/cm, 
Direct-Q3 UV, Millipore).

2.2  Research Methodology

The sludge from the electroplating plant was dried 
to constant weight and subjected to diffraction tests 
(XRD) in order to determine the phase composi-
tion of the sample. The sludge was then mineralized 
in a solution of concentrated acids  HNO3 and HCl 
in the 1:3 ratio. The obtained solution was suitably 
diluted and subjected to analysis using the ICP-OES 
method (Perkin Elmer, Optima 5300DV) (EN ISO 
11885:2009) in order to determine the quantitative 
elemental composition of the tested material. For the 
next stage of the research, an agent for leaching met-
als from the sludge was selected, taking into account 
economic factors, such as concentrated hydrochloric 
acid. The obtained mixture was filtrated, and the fil-
trate was analysed in terms of Ni, Fe, Cr, Co, Cu, Mn, 
Al, Sn and Zn contents, using the ICP-OES method. 
The elemental composition of the tested wastewater 
sludge and the sludge subjected to concentrated HCl 
leaching is presented in Table 1. In further stages of 
the research, the solution obtained as a result of the 
treatment with concentrated HCl was divided and 
treated with precipitants.

In the first process, 20 ml of deionized water was 
added to 5 ml of the solution that had been previously 
subjected to leaching with a concentrated HCl solu-
tion; next, 0.5 M NaOH solution was added until the 
pH reached 6.2. The resulting mixture was filtered, 
and the filtrate was suitably diluted and prepared for 
analysis.

In the next step, a 1% solution of dimethylgly-
oxime (DMG) was added to the filtrate  (H2O:ethyl 
alcohol, 3:1, v/v) to precipitate nickel(II) ions. The 
precipitate was separated from the solution through 
filtration, and the solution was subjected to analysis in 
terms of the quantitative composition of metals.

The pink precipitate of Ni-DMG complex 
(nickel(II)-dimethylglyoxime) obtained after adding 
1% dimethylglyoxime solution was digested in diluted 
sulphuric(VI) acid so as to recover DMG and deter-
mine the content of the major component (Ni) and 
impurities.

In the second process, 0.5  M sodium sulphide 
 (Na2S) solution was added to the solution prepared 
in the same way as in the first process until the pH 
reached 4.7. As a result of the process using sodium 
sulphide, black solid precipitate was produced. In 
the next step, the mixture was filtered and the solu-
tion prepared for further research. All analyses of the 
obtained aqueous solutions were conducted using the 
ICP-OES method.

2.3  Analytical Methods

Diffraction tests of the waste were performed using 
the powder method (DSH) in the Bragg–Brentano 
geometry using a D8 DISCOVER diffractometer, 
produced by Bruker, CuKα radiation, an Ni filter 
and a LYNXEYE_XE detector. The mineral com-
position was determined and calculated on the basis 
of licenced formulas in PDF-4 + 2020 RDB ICDD 
(International Centre for Diffraction Data) and data-
bases: ICSD (Inorganic Crystal Structure Database) 
and NIST (National Institute of Standard and Tech-
nology). DIFFRAC v.4.2 and TOPAS v.4.2 Bruker 
AXS were used for registration and diagnostics.

The content of metals in aqueous solutions was 
determined using inductively coupled plasma opti-
cal emission spectrometry (EN ISO 11885:2009) 
(ICP-OES, Optima 5300DV, produced by Per-
kin Elmer, USA); the determination of metals in 

Table 1  The solid phase composition of the waste from an 
electroplating plant

Note: The sample contains iron (Fe), nickel (Ni) and copper 
(Cu) in trace amounts, below 1%

Component Content, %

Quartz  (SiO2) 20.5
Substance Fe(OH)O 13.0
Substance  Fe2O3 12.0
Substance Cr(OH)3 2.0
Calcite  (CaCO3) 1.5
Substance NiO 1.0
Substance Ni(OH)2 1.0
Amorphous substance 46.5
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the obtained solutions was performed with the 
level of uncertainty of 15%, a coverage factor of 
2 and a significance level of 95%, without taking 
into account the uncertainty related to sampling. 
An Inolab pH/ION/Cond 750 (manufactured by 
WTW, Germany) multi-parameter metre was used 
to measure the pH (EN ISO 10523:2012). The pH 

measurement was performed with an accuracy 
of ± 0.1 pH.

The grain morphology tests were carried out using 
a SU-3500  N scanning electron microscope (SEM) 
with variable vacuum by HITACHI, cooperating with 
an EDS UltraDry spectrometer produced by Thermo 
Scientific NORAN System 7, with the following 
parameters: accelerating voltage—15  keV, work-
ing distance (WD)—10  mm, pressure—30  Pa and 
vacuum—variable.

3  Results and Discussion

Based on the conducted XRD tests, the solid phase 
composition of the waste was calculated (Table 1).

The error analysis for individual mineral phases 
determined in the tested sample of waste from the 
electroplating plant has been given in Table 2.

Taking into account the error analysis, the ranges 
of components’ contents in the sample of waste from 
the electroplating plant were calculated (Table 3).

The determined crystalline phases of the waste 
from the electroplating plant are marked on the dif-
fraction pattern (Fig.  1). High amount of the quartz 
(Q—on the diffraction pattern) in sludge is a result of 
using after electroplating process polishing materials 

Table 2  Analysis of errors in the tested sample

Component %

Quartz, calcite and amorphous substance  ± 0.5
Other components  ± 1.0

Table 3  Component content ranges in the sludge sample

Component Content, %

Quartz  (SiO2) 20–21
Substance Fe(OH)O 12–14
Substance  Fe2O3 11–13
Substance Cr(OH)3 1–3
Calcite  (CaCO3) 1–2
Substance NiO  < 1–2
Substance Ni(OH)2  < 1–2
Amorphous substance 46–47

Fig. 1  Diffraction pattern of the waste from the electroplating plant
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that contained quartz. The presence of the remain-
ing crystalline phases (Cr, Ni, Fe, Ca) is the result 
of the wastewater neutralization process with the use 
of wastewater treatment substances. A high content 
of heavy metals is present in the amorphous phase, 
which constitutes 46–47% of the sludge.

Figure 2 shows the image of the waste obtained by 
the SEM method.

The quantitative composition of the sludge was 
determined by digesting it in aqua regia and deter-
mining the concentration of individual elements 
in the obtained solution by the ICP-OES method. 
Table  4 shows the quantitative composition of the 
tested wastewater sludge and the efficiency of the pro-
cess of leaching out individual metals from the sludge 
with concentrated hydrochloric acid.

The metals present in the highest concentrations 
(Cr, Cu, Fe, Ni, Zn) were leached into the solution 
with the efficiency reaching 94.4–100%

In the process in which the pH of the tested solu-
tion was raised to 6.2, most of the metals were pre-
cipitated. The obtained precipitate contained 15.3% 
nickel. A 1% alcoholic DMG solution was added to 
the remaining solution after prior filtration, which 
caused the removal of 98.5% of the nickel ions pre-
sent in the solution. The addition of a precipitat-
ing agent in the form of 0.5 M  Na2S solution to the 

solution (after digestion in concentrated HCl) resulted 
in the precipitation of black sediment, characteris-
tic of block d metal sulphides. The addition of the 
sodium sulphide solution was completed when the 
pH reached 4.7. 99.7% of the nickel contained in the 
solution after wastewater sludge leaching with con-
centrated hydrochloric acid was precipitated. The 
contents of particular metals in the solutions after 

Fig. 2  SEM image of the 
tested waste

Table 4  Composition of the analysed wastewater sludge and 
the efficiency of leaching with concentrated hydrochloric acid

Element Content in sludge, 
mg/g

Efficiency of leaching 
with concentrated HCl, 
%

Al 1.84 92.4
B 1.65 86.3
Co 0.26 98.4
Cr 16.4 100.0
Cu 39.4 100.0
Fe 183.0 94.4
Mn 1.11 95.2
Mo 1.44 92.7
Ni 101.0 95.7
Se 0.69 74.7
Sn 4.59 84.9
Zn 51.2 100.0
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precipitation are presented in Table 5 and in the chart 
(Fig. 3).

In order to obtain a nickel concentrate, the obtained 
sulphide sediment was digested in 1 M hydrochloric 
acid. The obtained solution contained mainly Cr, Cu, 
Fe and Zn ions and nickel sulphide (NiS) sediment. 
The sediment was washed with distilled water and, 
next, digested in concentrated (6  M) hydrochloric 
acid with an addition of a small amount of 3% hydro-
gen peroxide solution  (H2O2). The determined con-
centration of nickel ions in the solution was 221 mg/
dm3, which accounted for 86.7% of the original nickel 
content in the wastewater sludge.

A concentrated ammonia water solution was 
added to the obtained solution until an alkaline pH 
was reached. Next, a 1% alcoholic DMG solution 
was added. The obtained nickel-dimethylglyoxime 
complex was filtered off and subjected to further 
investigations.

The pink sludge constituting the Ni-DMG 
complex, which was obtained directly from the 

solution after digesting the wastewater sludge in 
concentrated hydrochloric acid, was 94.3% pure. 
The remaining 5.7% consisted of metal impurities 
which had not been washed from the sediment. The 
detailed composition of the tested substance is pre-
sented in Table 6.

Dimethylglyoxime (DMG) and nickel sulphate 
were separated from the Ni-DMG complex obtained 
by both the direct method (from concentrated 
hydrochloric acid) and the multi-stage method 
(using sodium sulphide and nickel sulphide sludge 
digested in concentrated hydrochloric acid). The 
method of leaching with sulphuric acid was used, 
as well as dissolution in sulphuric acid and recrys-
tallization of dimethylglyoxime from the solution 
(Meenakshi et al., 2018). This operation resulted in 
obtaining crystalline nickel sulphate with a purity 
of 99.4%, which can be reused in the electrochemi-
cal nickel plating.

Table 5  Composition of the analysed solutions depending on the method of carrying out the process

Element Process 1 Process 2 Process 3

Solution after leaching 
with HCl, mg/dm3

Solution after raising the 
pH to 6.2, mg/dm3

Solution after adding 1% DMG 
with a pH of 6.2, mg/dm3

Solution after raising the pH to 
4.7 by adding 0.5 M  Na2S, mg/
dm3

Cr 41.5 0.00 0.00 6.58
Cu 100.0 9.26 8.00 0.00
Fe 438.0 10.8 9.44 110
Ni 244.0 131 1.76 0.71
Zn 134.0 71.0 67.5 0.10

Fig. 3  Composition of the 
analysed solutions depend-
ing on the method of carry-
ing out the process
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4  Conclusions

Sludge generated in the process of neutralization of 
wastewater from electroplating plants is a poten-
tially important source of recycled nickel concen-
trates. Leaching the sludge produced in the process 
of neutralization of wastewater from a metal surface 
treatment plant with concentrated hydrochloric acid 
enabled the metals contained in the sludge from pre-
cipitate to the solution with the efficiency of 74.4% 
(Se) to 100% (Zn). In the case of nickel, the leaching 
efficiency reached 95.7%. The direct application of a 
1% alcoholic dimethylglyoxime solution allowed for 
the selective separation of nickel compounds in the 
form of a pink precipitate, which was the Ni-DMG 
complex, with an efficiency of 98.5%. The resulting 
precipitate was 94.3% pure. The second method ena-
bling separation of nickel compounds from the solu-
tion was based on 0.5  M sodium sulphide solution. 
As a result of the precipitation process, the nickel 
concentrate was separated in the form of nickel sul-
phide with a purity of 98.2%. The efficiency of the 
nickel separation process was 86.7% in relation to the 
content in the wastewater sludge. Digestion in con-
centrated hydrochloric acid and an addition of DMG 
allowed obtaining a concentrate with a nickel content 
of 97.2%. As a result of using the alkaline method 
(pH = 6.7) for metal precipitation from the solution 
obtained after digesting the precipitate in concen-
trated hydrochloric acid, a contaminated concentrate 
containing 15.3% of nickel was separated.

The research allowed concluding as follows:

1. It is possible to obtain nickel concentrates with 
high efficiency (98.5%) by direct precipitation 
of the Ni-DMG complex from the solution after 
digesting the precipitate in concentrated hydro-
chloric acid. The degree of the obtained concen-
trate purity reached 94.3%.

2. Application of the method of multi-stage pre-
cipitation of nickel compounds from wastewater 
sludge, with an intermediate stage of precipita-
tion and digestion of nickel sulphide, allowed 
obtaining a nickel concentrate (in the form of 
nickel sulphide) with a purity of 98.2%. Com-
pared to the method of direct separation of the 
concentrate, this process is characterized by a 
lower efficiency, amounting to 86.7% w/w of 
nickel compared to the content in the primary 
sludge.

3. As it is impossible to eliminate co-precipitation 
of other metals, applying the method of direct 
precipitation of nickel compounds based on the 
alkalization of the solution after sludge diges-
tion does not enable obtaining concentrates with 
a purity that would allow them to be reused in 
the processes of electrochemical nickel plating of 
metal surfaces.
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Table 6  Composition of the analysed solution after digesting 
the Ni-DMG complex in diluted sulphuric acid

Element Content, %

Al 0.54
B 0.31
Co 0.00
Cr 0.37
Cu 1.32
Fe 2.28
Mn 0.00
Mo 0.05
Ni 94.3
Se 0.00
Sn 0.22
Zn 0.59
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