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Abstract: Process baths used for electropolishing and pickling of stainless steel have become increasingly contaminated
with heavy metal ions over time. There is still lack of research on the neutralization of this type of technological
wastewater with high concentrations of metal ions and containing complexing compounds, which significantly hinders
their effective treatment. The aim of this paper is to study how the selected methods of heavy metals removal will affect
the quality of the treated, industrial post-galvanic sewage from pickling and electropolishing of chromium-nickel steel
on a laboratory and technical scale. The research used sodium sulphide or a decomplexing agent based on organic
sulphur to neutralize wastewater containing triethanolamine or glycerol. Treatment of electropolishing wastewater poses
a challenge. Nevertheless, wastewater with glycerol is easier to neutralize than those containing triethanolamine. In the
industrial scale the use of a decomplexing agent is necessary to achieve the required nickel values in the wastewater after
treatment below 1 ppm. Even in the case of high concentrations of nickel ions in raw wastewater, the neutralization process
of the wastewater originating only from pickling alone was effective. The search for effective methods of neutralization
of mixed wastewater is especially important in industrial conditions, where it is not always possible to completely
separate these two types of sewage. The paper also presents the results of the composition of post-neutralization sludge,
which may be useful in planning further management and disposal of this type of waste.
Abbreviations
PI – pickling
EP – electropolishing
WW – wastewater
PIWW – pickling wastewater
EPWW – electropolishing wastewater
IPIWW – industrial pickling wastewater
IEPWW – industrial electropolishing wastewater
WWTP – wastewater treatment plant
n.a. – not analyzed

Introduction
Industrial wastewater from the surface treatment of metals
may contain non-biodegradable, carcinogenic and toxic heavy
metals, which tend to accumulate in living organisms causing
plenty of diseases and disorders. The presence of heavy metals
in domestic wastewater disrupts the microbial processes of
wastewater treatment and can lead to the deterioration of
the natural environment (Bugajski et al. 2017). Thus, the
removal of heavy metals from wastewater and sludge is
necessary to protect the environment and people’s health, and
must therefore be conducted before their disposal (Ijagbemi et
al. 2009). Even landfill leachate can contain harmful chromium
and lead compounds, therefore every effort should be made to
prevent their release to the environment (Szymański et al. 2018).

Heavy metals removal from wastewater can be carried out
by means of chemical precipitation, ion exchange, adsorption,
membrane processes (Bodzek 2013; Bodzek and Konieczny
2011) (reverse osmosis, ultrafiltration, nanofiltration,
electrodialysis), coagulation and flocculation, flotation and
electrochemical treatment (Fu and Wang 2011; Kurniawan et
al. 2006). The performance of conventional treatment methods
with respect to this kind of wastewater is often unsatisfactory,
which was made evident in an abnormal concentration of
substances undesirable in the treated wastewater. This results
inter alia from the nonuniform composition of wastewater and
specific physicochemical properties of harmful substances
present in wastewater (Thomas et al. 2018, 2021).
The surface treatment of chromium-nickel steel through
pickling and electropolishing processes generates the
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post-galvanic sewage containing high concentrations of nickel,
chromium, iron, and copper. The treatment of this kind of
effluent is usually performed by adjusting pH from 8 to 11 so as
to precipitate the metallic cations as the corresponding hydroxide
which, as a sludge, is then separated during filtration (Kurama
2009). In the case of a mixture of metals, their hydroxides
do not precipitate completely at a single pH and each metal
hydroxide has its own favorable to precipitate a range of pH (for
nickel 10.0–10.5 pH, for copper 8.5–9.5 pH), beyond which it
tends to resolubilize. With an increase in pH the solubility of
the precipitated metal hydroxides decreases, while amphoteric
hydroxides react with the OH- anions, causing metals to be
retransferred to the wastewater. In addition, organic complexing
agents would hinder the precipitation of sparingly soluble metal
compounds if they are present in the wastewater. Their negative
impact may be eliminated by adjusting pH to the optimal level
for the precipitation process (Ain Zainuddin et al. 2019; Kowal
and Świderska-Bróż 1981; Thomas et al. 2018).
The complexing agents are applied in the electropolishing
process to improve the gloss and smoothening of the surface
while reducing bath contamination. The most commonly used
complexing agent is glycerol, whose concentration in the
bath may reach as much as 35% wt. (Lochynski et al. 2016).
Glycerol raises the viscosity and density of the solution, which
in turn increases the thickness of the diffusion film and furthers
the distance of the anode potential from the thermodynamic
value. Glycerol also reduces the relative concentration of water
in the near-anode area, and as a substance with active oxygen
atoms forms an adsorption film on the surface of the anode
(Łyczkowska-Widłak et al. 2020).
After pH adjustment to the basic conditions, the dissolved
metals are converted to the insoluble solid phase by the
chemical reaction with calcium, which is a good heavy metal
precipitant even in concentrations exceeding 1000 mg/dm3.
Sodium hydroxide and sodium sulphide are also applied to the
chemical precipitation. Sodium hydroxide is a more expensive
chemical than lime but it provides a faster and more efficient
neutralization. It is 100 times more soluble than lime in water, so
that the precipitation reaction is completed in 5–10 minutes. Lime
requires 20–30 minutes of retention time to react when properly
mixed. On the other hand, lime gives better sedimentation and
dewatering properties of the formed metal hydroxide. Moreover,
the risk of hydroxides re-dissolution at higher pH becomes
lower, as in the case of chromium (Dahlgren 2010).
Sulphides are less soluble over a broad pH range compared
to hydroxides, and the reaction rate between sulphide and
metal is much faster than between metal and hydroxide.
The sludge generated is smaller compared to hydroxide
precipitation. However, sulphide dosing and process control
are more difficult due to the sensitivity of the process and odor
nuisance resulting from the formation of H2S (Ain Zainuddin
et al. 2019; Thomas et al. 2018). To reduce the risk associated
with the formation of toxic H2S, metal precipitants of similar
effectiveness are used. These metal precipitants form insoluble
compounds as a result of direct reaction with heavy metals.
They may also assist in the formation of metal hydroxides
by reducing the “net charge differential” or the zeta potential
of the combined wastewater solution being an alternative to
hydroxide precipitation (Andrus 2000). The most commonly
used metal precipitants are dithiocarbamates, such as sodium
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dimethyldithiocarbamate and sodium diethyldithiocarbamate,
that form insoluble dithio-metal salts with heavy metals. Other
reagents which act in a similar way include: trimercapto-striazinetrisodium salt, sodium trithiocarbonate, and sodium
1,3,5-hexahydrotriazinedithiocarbamate (Andrus 2000; Fu et
al. 2007; Thomas et al. 2018). Nevertheless, overdosing of
these reagents may result in environmental degradation and be
toxic for bacteria, algae, and aquatic life forms (Andrus 2000).
The drawbacks of chemical precipitation include reagents
high consumption to reduce the heavy metal concentration to
the normative content, which in Polish regulations amounts to
1 mg/dm3 and 0.5 mg/dm3 for total chromium, nickel and copper
when discharged to the sewage system and to the environment,
respectively. Other disadvantages include: excessive amount
of sludge requiring further treatment, high disposal costs of
this sludge, and poor settling (Fu and Wang 2011; Kurniawan
et al. 2006). This sludge consists of heavy metals from acidic
or alkaline solutions and from rinse waters generated by the
electroplating processes. The sludge is categorized as hazardous
waste, generally disposed in hazardous waste landfills (Li et al.
2010).
In the neutralization process of the post-galvanic sewage,
special attention is paid to the presence of Cr(VI), which is
a very toxic and carcinogenic strong oxidizing agent. Its
removal requires reduction to Cr(III), which is not toxic and
immobile in the environment. The reduction is conducted by
the addition of sulphuric acid(VI) and soluble iron(II) salt or
sodium bisulphate (NaHCO3), with a final adjustment of pH at
up to about 9.0 to form the precipitate (Lugo-Lugo et al. 2010).
In the composition of wastewater from pickling and
electropolishing of chromium-nickel steel, Cr(III) occurs
(Łyczkowska-Widłak et al. 2020). If Cr(VI) occurs in the raw
wastewater from the surface treatment of chromium-nickel
steel, it can be reduced to Cr(III) with the aid of sodium
metabisulphite (Na2S2O5) prior to the neutralization process.
Industries consuming large volumes of water generally pay
more attention to reused wastewater, thus membrane processes
can be an alternative to conventional physicochemical processes
of wastewater treatment in the electropolishing industry, as they
save up on operational costs and water consumption through
water recycling. Membrane processes are highly effective,
easy to operate, and compatible with other treatment processes
(Petrinic et al. 2015). On the other hand, fluctuations in raw
post-galvanic sewage quality and susceptibility of membranes
to fouling may necessitate additional pretreatment of sewage,
which leads to extra investment costs. Micro- and ultrafiltration are very effective pretreatments for reverse osmosis
since reverse osmosis membranes are sensitive to fouling;
however, high costs, process complexity, membrane fouling
and low permeate flux have limited their use to heavy metals
removal (Clever et al. 2000; Fu and Wang 2011; Petrinic et al.
2015).
The ion exchange process is another approach to heavy
metals removal from wastewater. Weakly or strongly acidic
synthetic resins are typically used for this purpose. The ion
exchange process has many advantages such as high treatment
capacity, high removal efficiency, and fast kinetics. Wastewater,
however, should be treated for the removal of suspended solids
prior to ion exchange. Additionally, suitable ion exchange
resins are not available for all heavy metals, while the capital
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and operational cost is high. In the literature on the subject,
there have been plenty of investigations on the removal of
heavy metals on the natural zeolites (e.g. clinoptylolite), but
these were conducted mainly in a laboratory and not on an
industrial scale (Alyüz and Veli 2009; Fu and Wang 2011;
Keane 1998; Kurniawan et al. 2006; Papadopoulos et al. 2004;
Rodríguez-Iznaga et al. 2002).
Adsorption is characterized by high effectiveness, easy
handling, wide availability of different adsorbents, and cost-effectiveness (Bhattacharya et al. 2006). The main
disadvantage of this process is the high cost of conventional
adsorbents (e.g. activated carbons) and their regeneration.
Therefore, the substitutes from natural materials (e.g. clay
materials), which are cheaper and may have high ion exchange
capacity, are commonly applied. In order to enhance the
adsorption capacity, the natural exchangeable cations can be
replaced with the organic molecules forming the so-called
“organoclays” (Ijagbemi et al. 2009). The natural materials
used to adsorb heavy metals include natural clay minerals (e.g.
montmorillonite), zeolites, bentonites, as well as biosorbents.
Typical biosorbents can be derived from non-living biomass
(such as bark, lignin, shrimp, etc.), algal biomass, and
microbial biomass (e.g. bacteria, fungi, and yeast) (Cooper et
al. 2002; Fu and Wang 2011; Khan et al. 1995; Liu et al. 2004;
Panayotova and Velikov 2002; Taha et al. 2017).
Nevertheless, the research on adsorption and biosorption
is conducted chiefly on a laboratory scale. In addition, there
is plenty of research in the literature concerning the removal
of heavy metals from synthetically prepared solutions, not
from real wastewater. Moreover, these metals are introduced
to the solution by adding the appropriate salts (Chaudhari and
Murthy 2010; Juang and Shiau 2000; Khan et al. 1995; Lin and
Kiang 2003). Some of the investigations only concern solutions
containing one metal, not mixtures of them (De Pablo et al.
2011; Priya et al. 2009). Taking this into account, it is difficult
to anticipate how the presence of different heavy metals,
occurring at changeable concentrations, would affect heavy
metals removal from wastewater. To the authors’ knowledge,
there is also little research on the removal of heavy metals
from post-galvanic sewage coming from the electropolishing
industry concerning chemical precipitation or application of
metal precipitants. On the contrary, there is plenty of research
on biosorption, ion exchange or membrane processes. Those
researchers often pay much attention to the reduction of
Cr(VI), which clearly results from its toxicity (Agrawal et al.
2006; Lugo-Lugo et al. 2010; Malaviya and Singh 2011), but to
a lesser extent on the removal of nickel from real post-galvanic
sewage coming from the electropolishing industry in the
chemical precipitation process.
The main goal of the presented research is to study how the
selected methods of heavy metals removal will affect the quality
of the treated, industrial post-galvanic sewage from pickling
and electropolishing of chromium-nickel steel on a laboratory
and technical scale. In industrial conditions, wastewater of
various compositions, characterized by a wide range of initial
concentrations, was tested. In order to investigate the impact
of the treatment process on the composition of sewage, the
content of nickel, chromium, copper and iron in concentrated
and diluted post-galvanic sewage as well as in the sludge (with
the aid of ICP-OES) was analyzed.

In this paper, the application of calcium hydroxide, sodium
hydroxide, sodium sulphide as well as metal precipitant
and agents containing organic sulphur was studied for
treating different types of post-galvanic sewage (containing
triethanolamine or glycerol) from pickling and electropolishing
processes. The issue of neutralization of mixed wastewater
containing both electropolishing and etching wastewater is an
important one but upon which the literature is non-existent.
The search for effective methods of neutralization of mixed
sewage is especially important in industrial conditions, where
it is not always possible to completely separate these two types
of sewage. The original research results from the analysis of
the physicochemical composition of industrial post-galvanic
sewage and sludge are also presented.

Materials and methods
In order to perform laboratory tests, model wastewaters (PIWW
and EPWW) were prepared by diluting concentrated process
baths which were intensively exploited in an industrial scale.
The pickling solution based on HNO3 and HF as well as an
electropolishing solution composed of H3PO4, H2SO4, and
triethanolamine or glycerol were mixed with deionized water in
various proportions in order to create wastewaters (PIWW and
EPWW) with different initial concentrations of iron, chromium,
nickel, and copper ions. In order to maintain the conditions that
enable repeated neutralization attempts while striving to best
reflect the characteristics of the process, the selected variants
were referred to the range of wastewater contamination in an
industrial scale. The pH level was adjusted by adding NaOH
or Ca(OH)2 suspension to the wastewater until the desired pH
value, measured with a pH meter, was attained. During the
neutralization process, the solution was continuously stirred
by a magnetic stirrer. After completion of the neutralization
process, the resulting solution was filtered through a Munktell
Filter Paper Disc Grade 390 to separate the precipitate.
The tests on a technical scale included neutralization of
wastewater with Ca(OH)2 in a neutralization chamber with
simultaneous pH control, flocculation and pumping of the
sludge to the settling tank, and separation of the sludge from the
filtrate on a filter press (Figure 1). The filtrate was mineralized
with concentrated HNO3 before the concentration of metals
was examined using an ICP-OES optical spectrometer.
ICP-OES (inductively coupled plasma – optical emission
spectroscopy) tests were conducted using the Thermo Scientific
iCAP 7000 Series ICP-OES apparatus with an automated sample
feeder and software manufactured by Qtegra Intelligent Scientific
Data Solution. In the case of the industrial post-neutralization
sludge samples, the ICP-OES measurements were made using
the Thermo Scientific iCAP 7400 Duo.

Results and discussion
In plants for the surface treatment of chromium-nickel steels,
the following types of process wastewater can be distinguished:
wastewater from flow scrubbers that results from washing
elements with wastewater from stationary scrubbers with
a relatively low concentration of contaminants; wastewater
with a very high concentration of used technological solutions;
and wastewater from washing technological surfaces. The
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wastewater may contain several to several dozen mg/dm3 of
heavy metal ions in the case of less concentrated solutions,
and in the case of concentrated sewage, usually from several
dozen to several hundred mg/dm3, and in some cases even
up to several or tens of thousands. It is good practice to store
wastewater at high concentrations and then dose it in small
amounts to the diluted wastewater. “The best way is to treat
sewage at the place where it is generated, in the absence of an
on-site treatment plant, solutions resulting from metal surface
treatment processes should be entrusted to a specialized
company” (Rubel et al. 2009). Before discharging wastewater
into the sewage system, the sewage required a series of tests,
both on a laboratory and industrial scale.
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electropolishing and pickling of stainless steel. Laboratory
tests were carried out for PIWW, EPWW, and PIWW + EPWW
of various compositions, correcting the pH level to the lowest
possible value (pH = 8.5), and then separating the resulting
sediment on the filter; the filtrate was subjected to ICP-OES
tests.
In wastewater before neutralization, the contaminants
concentration was respectively: 166–542 mg Fe/dm3,
47–115 mg Cr/dm3, 6–66 mg Ni/dm3, and 2–8 mg Cu/dm3
(Table 1). For PIWW with an initial concentration of 542 mg
Fe/dm3, 132 mg Cr/dm3, and 66 mg Ni/dm3, it was possible
to reduce the concentrations of the analyzed pollutants to
0–1 mg/dm3 after the neutralization process. For EPWW with
an initial content of 47 mg Cr/dm3, 6 mg Ni/dm3, and 4 mg
Cu/dm3 with the use of Ca(OH)2, values below 1 mg/dm3 were
obtained for chromium and copper, while much higher values
were observed with the use of NaOH. Regardless of the type of
hydroxide used, significant exceedances of nickel concentration
after neutralization, ranging from 2.2–2.9 mg/dm3, were
observed. When neutralizing EPWW with a twice higher initial
concentration, it was also observed that the results for chromium
and copper after neutralization were lower with Ca(OH)2 than
with NaOH, and regardless of the hydroxide used, the content of
mg Ni/dm3 after neutralization was 3.4–4.6 (Table 1).

Comparison of neutralization methods
Taking into account the economic, technical and environmental
aspects, the measures often used to neutralize acidic
technological wastewater are sodium hydroxide or calcium
hydroxide. In the first series of tests, 10 experiments were
carried out in which the influence of NaOH or Ca(OH)2 in
reducing the content of iron, chromium, nickel, and copper
ions after the neutralization process was verified.
The model wastewater was produced by mixing distilled
water with solutions of concentrated process baths after

Fig. 1. Simplified diagram of the installation for treatment and neutralization of wastewater from steel pickling and electropolishing
processes a) neutralization chamber, b) pH-meter, c) valve, d) pump, e) non-return valve, f) settling tank, g) filter press
Table 1. Composition of model wastewater and its contamination with iron, chromium, nickel, and copper ions
after the neutralization process with NaOH and Ca(OH)2

treated
NaOH

before
treatment

treated
Ca(OH)2

treated
NaOH

before
treatment

treated
Ca(OH)2

treated
NaOH

before
treatment

treated
Ca(OH)2

treated
NaOH

Cu [mg/dm3]

treated
Ca(OH)2

Ni [mg/dm3]

before
treatment

Cr [mg/dm3]

Type of WW

Fe [mg/dm3]

PIWW + EPWW

445

0.1

0.7

115

0.0

0.3

40

4.1

3.8

7

0.2

0.1

PIWW + EPWW

445

0.1

1.2

115

0.0

0.5

40

3.8

3.9

7

0.1

0.2

PIWW

271

0.0

0.0

66

0.0

0.0

33

0.6

0.1

2

0.0

0.0

PIWW

271

0.0

0.0

66

0.0

0.0

33

0.1

0.0

2

0.0

0.0

PIWW

542

0.0

0.1

132

0.0

0.0

66

0.1

0.0

4

0.0

0.0

PIWW

542

0.0

0.0

132

0.0

0.0

66

1.0

0.1

4

0.0

0.0

EPWW

166

0.1

37.3

47

0.0

14.2

6

2.2

2.9

4

0.5

1.4

EPWW

166

0.0

4.7

47

0.0

2.4

6

2.6

2.4

4

0.3

0.8

EPWW

332

0.9

10.5

94

0.3

4.9

12

4.6

4.1

8

1.2

1.4

EPWW

332

4.6

7.0

94

1.4

3.9

12

3.4

3.8

8

0.7

1.4
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In the case of the neutralization of mixed PIWW +
EPWW, very good results were obtained for iron, chromium,
and copper, but in the case of nickel, the neutralization was
insufficiently effective and the obtained concentrations ranged
from 3.8–4.1 mg Ni/dm3. The content of nickel ions before and
after the neutralization process for PIWW, EPWW, and PIWW
+ EPWW with the use of either Ca(OH)2 or NaOH is here
presented in graphical form for better illustration (Figure 2).
Despite a much higher initial concentration of nickel
ions before neutralization in PIWW (33 mg/dm3) than in
EPWW (6 mg/dm3), the solution containing only the pickling
wastewater obtained the expected content of nickel ions after
the neutralization process, i.e., below the permissible value of
1 mg/dm3 (Figure 2). In the case of this type of wastewater,
the nickel removal efficiency was over 90%. Ain Zainuddin
et al. (Ain Zainuddin et al. 2019) added NaOH to precipitate
heavy metals from acid and nickel rinse wastewater from the
electroless copper plating industry, which contained nickel
at a concentration level of 12.32 mg/dm3 and 1.06 mg/dm3,
respectively, and obtained 76.66% and 65.79% removal of this
metal, respectively. Papadopoulos et al. (Papadopoulos et al.
2004) applied chemical precipitation to remove nickel from
rinse bath in the anodizing process of a metal surface treatment
industry. At pH 7.5 and 10.5 they obtained the removal of
Ni(II) at the level of 71% and 85%, respectively, with an initial
nickel concentration of 51.6 mg/dm3. Brbooti et al. (Brbooti et
al. 2011) compared the efficiency of different precipitants to
remove heavy metals from single and multicomponent aqueous
solutions. They found that for solutions treated by CaO or
NaOH, pH values greater than 10.0 were required to achieve
the least solubility values of heavy metals. They managed to
achieve a very high Ni removal (more than 90%) from the
mixture of metals containing 500 mg/dm3 of each metal at high
pH values (pH>11) with the use of lime.
The wastewater from the electropolishing process, which
contained triethanolamine in its composition as well as mixed
wastewater from pickling and electropolishing after the
neutralization process, differed from 2.3 to 4.0 mg/dm3 of
nickel which proves the significant influence of the EPWW
presence on the final value of nickel ions after the neutralization

process. Due to the complexing properties of triethanolamine,
its influence on wastewater treatment after electropolishing
is the greatest with nickel ions compared to chromium and
copper ions. Triethanolamine is a versatile ligand having three
hydroxyethyl groups and one nitrogen donor atom. Complexes
of N(CH2CH2OH)3 can have diverse structures. Among
metal-triethanolamine complexes are known mononuclear
cationic complexes of metals such as, e.g., nickel, cobalt or
copper and also others in which triethanolamine may coordinate
as a triple and/or tetradentate ligand (Deeloed et al. 2020;
Kondratenko et al. 2017, 2020). In combination with nickel
ions, one possible complex is [Ni(N(CH2CH2OH)3)2]2+. This
shows that except for the adjustment of pH, the type of treated
wastewater, especially from the electropolishing process, has
also a significant impact on the final nickel concentration after
the neutralization process.
Based on the conducted experiments, it was decided to
use Ca(OH)2 in a further stage of the research and to monitor
the content of nickel ions in the wastewater after treatment.
The greatest difficulties were observed with reducing the
nickel concentration in the wastewater to the required values
below 1 mg Ni/dm3, as meeting this requirement would also
be accompanied by the low contents of chromium and copper
ions.
Neutralization of wastewater from the pickling
process
The next stage of the research was to carry out 16 trials of
neutralization and treatment of PIWW with an initial content of
5–650 mg Ni/dm3. pH was corrected using Ca(OH)2, adjusting
it to the lowest possible pH = 8.5. Then, the precipitate on
the filter was separated, with the filtrate after mineralization
being subjected to ICP analysis. In the treated wastewater,
only two of the results obtained exceeded the value of
1 mg/dm3 (Figure 3). The exceedances were small, in one case
by 0.03 mg/dm3 and in another by 0.05 mg/dm3. Based on the
conducted analyses, it should be concluded that the nickel
removal process is effective for pickling wastewater in a wide
range of concentrations. It seems that chemical precipitation
of metals contained in PIWW is very effective not only in

Fig. 2. The content of nickel ions before and after the neutralization process with the use
of either calcium hydroxide or sodium hydroxide for model wastewater:
A) PIWW + EPWW, B) PIWW, C) EPWW.
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a laboratory scale, but also in an industrial scale, as for example
in the Old Fonye Steel mill (the stainless steel producer
in Shanghai, China) where a similar effectiveness of the
neutralisation of pickling wastewater with lime was achieved.
Nickel concentrations of the in- and out-going wastewater
from the neutralization facility amounted to 1000 mg/dm3 and
0.15 mg/dm3, respectively (Dahlgren 2010).
Neutralization of wastewater
from the electropolishing process
In the EPWW neutralization trials, the influence of the additives
used in the process baths on the effectiveness of neutralization
was taken into account (Figure 4). For this purpose, the
neutralization process with the use of Ca(OH)2 was applied
to wastewater with various initial concentrations containing
triethanolamine and glycerol. On the basis of the tests performed,
it should be stated that in the case of wastewater containing an
electropolishing bath with the addition of triethanolamine, it
is much more difficult to remove nickel in the neutralization
process compared to wastewater from the bath with the addition
of glycerol. For the bath with glycerol, it was possible to lower
the nickel concentration below the required level for the initial
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concentrations of up to 14 mg Ni/dm3. In the case of baths with
the addition of triethanolamine, the required concentration
reduction was achieved only in the case of very low initial
concentrations. The nickel content in the untreated wastewater
above 4 mg/dm3 before neutralization did not guarantee an
acceptable nickel content after neutralization.
The authors are yet to come across any research that
compares how complexing agents such as triethanolamine
or glycerol affect the neutralization process of post-galvanic
sewage from the chromium-nickel steel surface treatment
industry. Moreover, the sewage subjected to the neutralization
process in plenty of studies does not contain the complexing
agent. Often there is also a lack of information whether such
complexing agent even exists in the treated sewage. Additionally,
if some researchers examine the impact of complexing agents
on the treatment of electropolishing wastewater, they generally
use compounds other than triethanolamine or glycerol, e.g.,
ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid
(NTA), citric acid or Na2EDTA (Juang et al. 2006; Thomas et
al. 2018; Wang et al. 2019).
The results show that regardless of nickel concentration
in the raw sewage after the electropolishing process, reduction

Fig. 3. Nickel content in the model PIWW before and after neutralization
for different initial concentrations

Fig. 4. Nickel content before and after neutralization for the model EPWW
with both either triethanolamine or glycerol
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in its concentration through chemical precipitation below
1 mg/dm3 is not possible without the addition of a decomplexing
agent.
The use of 5 cm3 Na2S · 9H2O with a concentration of
12 g/dm3 as an additive in the neutralization process of
wastewater from electropolishing allowed for a significant
reduction in the content of nickel ions, even in the case of
high initial concentrations. For the raw wastewater with
a nickel content of 800 mg/dm3, a concentration reduction
of about 96–99% was achieved, and for the raw wastewater
with a concentration of 280 mg/dm3, 93–99% (Figure 5).
Despite such a high degree of reduction of the nickel content
in the neutralization process with the addition of Na2S, the
obtained final concentration values were in the range of
6.3–30 mg Ni/dm3 for the series with a higher initial
concentration and 2.6–18.4 mg Ni/dm3 for series with a lower
concentration, while significantly exceeding the permissible
value of 1 mg Ni/dm3.
Ain Zainuddin et al. (Ain Zainuddin et al. 2019) added
Na2S to precipitate heavy metals from acid and nickel
rinse wastewater from electroless copper plating industry
containing nickel at a concentration level of 12.32 mg/dm3 and
1.06 mg/dm3, respectively, and obtained 95.32% and 65.79%
removal of the metal, respectively.
The presented results from galvanic wastewater studies
have clarified the difficulties associated with the neutralization
of specific types of wastewater. The use of additives in
industrial electropolishing baths can cause problems with
the effective reduction of concentrations, especially when
using triethanolamine. In case of insufficient effectiveness
in the process and exceeding the permissible standards, it is
necessary to direct the sewage for re-neutralization or to look
for other methods that can achieve the expected results.
Technical trials
Tests on a technical scale were carried out on a technological
installation adapted to neutralize wastewater from
electropolishing and pickling processes, equipped with
a reaction chamber having a working volume of 1.5 to 2.4 m3.
The key elements of the installation comprise a sedimentation
tank and a filter press, on which the sludge is separated

from treated wastewater and only after this process can it be
discharged into the municipal sewage system. Wastewater
from the pickling and electropolishing processes was dosed to
the neutralization chamber, where the neutralization reaction
occurred under the influence of the added Ca(OH)2 suspension.
The wastewater was then directed to the settling tank where
sedimentation took place, before going to the filter press.
Two series of technical tests were performed. The first
with the use of Na2S, and the second with the use of an organic
sulphur-based decomplexing agent. The use of sodium sulphide
may pose the risk of H2S formation at a low pH of the solution,
although appropriate pH control and the addition of Na2S
at pH above 8.0 can prevent this. Wastewater neutralization
(IPIWW + IEPWW) on a technical scale has made it possible
to reduce the concentration of iron ions from 1043 mg/dm3
to 0.7 mg/dm3, chromium from 242 mg/dm3 to a value below
0.05 mg/dm3, nickel from 338 mg/dm3 to 0.85 mg/dm3, and
copper from 77 mg/dm3 to 0.03 mg/dm3 (Table 2). During
the technical tests, sodium sulphide was added to the reaction
mixture at pH of 9.5. The pH increase of 0.5–1.0 resulted
from the hydrolysis of weak acid and strong base salts. It
is worth noting that increasing pH to 10.5 during the next
series of neutralization negatively influenced the effect of the
process in which a decrease was obtained with chromium from
1043 mg/dm3 to 1.0 mg/dm3, and for nickel ions from
338 mg/dm3 to 1.4 mg/dm3, hence a value exceeding the
acceptable standard. After the sludge was separated on the
filter press, the pH of the treated wastewater was within
the expected range (pH = 7.5–9.0) each time.
Laboratory studies have shown that electropolishing
wastewater with a high initial concentration of nickel cannot
be effectively neutralized with only Ca(OH)2 and Na2S. On
the basis of laboratory tests and the results of technical tests
obtained so far, for which the concentrations obtained were
close to the limits set by Polish regulations, no attempt was
made to neutralize the wastewater as part of the planned series
of technical tests using Na2S with a relatively high content of
nickel ions above 350 mg/dm3 for raw IPIWW + IEPWW. In
the case of wastewater with an increased share of IEPWW and,
at the same time, a greater share of H3PO4, H2SO4 and organic
additives, even lower nickel ions well below 350 mg/dm3

Fig. 5. Nickel content in the PIWW + EPWW before and after neutralization
for different initial concentrations

Research on neutralization of wastewater from pickling and electropolishing processes
may pose a significant challenge. Triethanolamine or glycerol
contained in electropolishing process baths form complexes
with metal ions, which, especially in the case of nickel ions,
make it difficult to precipitate them in the form of insoluble
sediments (metal hydroxides and metal sulphides) and to treat
wastewater to a level below 1 mg/dm3.
Subsequent technical tests were performed at the
installation by adding a decomplexing agent based on organic
sulphur to the reaction mixture. Figure 6 compares the content
of iron (A), chromium (B), nickel (C), and copper (D) ions in
industrial wastewater from the pickling and electropolishing
process for a series of 10 technical tests before and after
neutralization. The vast majority of the conducted studies
have made it possible to obtain the results of Cr, Ni, Cu
content below 1.00 mg/dm3 even at very high concentrations
of raw wastewater, respectively: 200–7000 mg Cr/dm3,
60–3200 mg Ni/dm3, and 30–2200 mg Cu/dm3. Only for the
sixth sample, which did not have outstanding parameters,
were fully satisfactory results not obtained after neutralization;
instead, 1.5 mg Cr/dm3 and 1.5 mg Ni/dm3 were obtained, which
may have resulted from an improperly conducted wastewater
neutralization process. Even at very high concentrations of
nickel ions in raw wastewater reaching 2400–3200 mg Ni/dm3
(IPIWW> IEPWW), the values below 0.7 mg Ni/dm3
were obtained after neutralization. The wastewater with
a composition characterized by a higher share of IEPWW
(IPIWW <IEPWW) was also treated to a level of 0.5 mg
Ni/dm3 and 0.5 mg Cr/dm3. The very high initial content of
copper ions above 2000 mg Cu/dm3 was not a problem in
the neutralization process and the result was less than 0.3 mg
Cu/dm3, and in the case of lower concentrations, even below
0.1 mg Cu/dm3.
An important aspect in the context of describing the
obtained results of neutralization studies, although often
marginalized, is the assessment of the composition of the sludge
formed as a result of the process. The resulting sediments are
hazardous materials and their collection is possible only by
specialized companies dealing with the collection of hazardous
substances. These wastes can potentially be a source of valuable
raw materials, but further treatment of these sludges plus the
relatively high hydration and variability of composition directly
related to the varying concentration of raw wastewater remain
a challenge. Table 3 presents the composition of the content of
pollutants in industrial wastewater in g/dm3 (iron, chromium,
nickel, copper, phosphorus, sulphur) and the corresponding
pollutants in the filter cake per g/kg of dry matter (iron,
chromium, nickel, copper, phosphorus, sulphur, calcium). It is
worth paying attention to some dependencies that in the future
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may help in designing solutions for the management of waste
from the pickling and electropolishing processes of chromium-nickel steels. The Fe/Cr content ratio in the sediments
ranged from 4.0–4.4; the P/S content, regardless of the type
of neutralized sewage, from 0.6–2.0. The calcium content was
from 262 to 313 g Ca/kg DM, and the iron, chromium, and
nickel content was respectively: 31–126, 8–30, and 1–15 g/kg
DM. The content of phosphorus and sulphur in the sludge after
neutralization ranged respectively from 13–131 g P/kg DM
and 30–74 g S/kg DM. The percentage of sludge hydration
was also similar regardless of the performed test and the initial
composition of the sewage, ranging from 61.7% to 71.4%.
The compiled results of technical tests should be assessed
holistically, by analyzing the whole series of obtained results.
Due to the fact that the research was conducted under industrial
conditions, it cannot be ruled out that the sludge is partially
contaminated by a previously carried out neutralization batch.
Efforts were made to minimize the potential negative impact
described above, and in most experiments on a technical scale
the raw wastewater was neutralized, which was preceded by
batch neutralization with a similar level of impurities.
The obtained results may form the basis for further
research in the quest for ways to manage waste or reduce its
negative impact on the environment. The increase in prices of
hazardous waste collection may contribute to the search for
ways to reduce the water content in filter cake and for solutions
towards reducing the formation of pollutants at the source,
better monitoring of the electrochemical treatment process,
looking for methods of recovery or management of already
partially used technological solutions, and rationing the use of
rinsing water.

Conclusions
1. T
 he results of laboratory tests indicate the possibility
of neutralization with the use of Ca(OH)2 in the case of
wastewater from the steel pickling process alone. Even at
very high initial concentrations, up to 650 mg Ni/dm3, it
was possible to reduce the nickel concentration afterwards
to a value below 1 mg/dm3.
2. It was not possible to lower the concentration below 1 mg
Ni/dm3 in the case of mixed wastewater containing
wastewater from the electropolishing process or from
electropolishing itself. Due to the use of organic
additives hindering the precipitation of metal ions in the
electropolishing baths, it is advisable to use decomplexing
agents to obtain the expected wastewater treatment
efficiency.

Table 2. Iron, chromium, nickel and copper content before and after treatment for IPIWW + IEPWW on a technical scale
Fe

Cr

Ni

Cu

Before
treatment

treated
Ca(OH)2
+ Na2S

Before
treatment

treated
Ca(OH)2
+ Na2S

Befor
etreatment

treated
Ca(OH)2
+ Na2S

Before
treatment

treated
Ca(OH)2
+ Na2S

[mg/dm3]

[mg/dm3]

[mg/dm3]

[mg/dm3]

[mg/dm3]

[mg/dm3]

[mg/dm3]

[mg/dm3]

10.5

1043

1.0

242

< 0.05

338

1.4

77

< 0.1

9.5

1043

0.7

242

0.1

338

0.8

77

< 0.1

pH*

* pH value before Na2S addition
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Fig. 6. Comparison of iron (A), chromium (B), nickel (C), copper (D) ions in industrial wastewater from pickling
and electropolishing for a series of 10 technical tests before and after neutralization

3. T
 he use of organic additives in the electropolishing bath
makes it difficult to neutralize the resulting wastewater.
In the case of a bath containing glycerol, it is possible to
achieve final concentrations below 1 mg Ni/dm3 for an
initial concentration of up to 14 mg Ni/dm3, while for a bath
with triethanolamine it was only possible at very low initial
concentrations of up to 4 mg/dm3.
4. The use of Na2S as an additive to the neutralization
process, even in the case of high initial concentrations
at the level of 280 mg/dm3 and 800 mg/dm3, makes
it possible to achieve a high efficiency in nickel
concentration reduction, amounting to 93–99% and

96–99%, respectively, despite the fact that the results
achieved exceeded the limit values.
5. T
 he possibility of separating wastewater streams from
pickling and electropolishing and monitoring the level of their
contamination, the possibility of storing wastewater, the volume
of the neutralization chamber, the amount of water used, and the
methods of rinsing details can have an impact on the effective
management of the wastewater neutralization process.
6. The presented characteristics of sludge composition after
the neutralization process may be useful in planning for
the management and neutralization of wastes such as post-galvanic sludge.

Sludge
hydration

68%

65%

68%

62%

64%

62%

64%

71%

63%

71%

Description

IPIWW <
IEPWW

IPIWW >
IEPWW

IPIWW >
IEPWW

IPIWW >
IEPWW

IPIWW >
IEPWW

IPIWW >
IEPWW

IPIWW +
IEPWW

IPIWW +
IEPWW

IPIWW +
IEPWW

IPIWW +
IEPWW

No

1

2

3

4

5

6

7

8

9

10

0.6
0.3
0.2

filter cake [g/kg d.m.]
wastewater [g/dm3]
0.9

filter cake [g/kg d.m.]
wastewater [g/dm3]
0.8

filter cake [g/kg d.m.]

0.7

filter cake [g/kg d.m.]
wastewater [g/dm3]
2.0

66

51

54

98

filter cake [g/kg d.m.]
wastewater [g/dm3]
2.6

4.9
1.7
69

123

122

6.9

wastewater [g/dm3]

filter cake [g/kg d.m.]

wastewater [g/dm3]

17.3

16

13

12

23

17

30

29

19

0.1

0.1

0.2

0.3

0.8

2.5

2.4

filter cake [g/kg d.m.]
81
3
17.3
4.9
wastewater [g/dm ]

filter cake [g/kg d.m.]

2.4

filter cake [g/kg d.m.]
126
3
19.3
4.9
wastewater [g/dm ]

31

3.2

8

Ni

filter cake [g/kg d.m.]
31
26.0
6.5
wastewater [g/dm3]

Cr
1.0

28.6

Fe
7.1

wastewater [g/dm3]

Type of sample

6

4

4

10

7

12

13

7

15

1

<0.1

<0.1

0.2

0.1

<0.1

0.2

0.2

0.2

0.1

2.2

Cu

4

2

3

2

4

2

6

3

1

2

2.0

3.0

8.2

3.3

<0.1

0.2

0.2

0.2

<0.1

106

99

131

81

100

61

35

100

13

115

119.0

P

1.7

2.3

5.7

2.6

0.2

0.7

0.6

0.6

0.4

76.2

S

46

73

66

49

61

55

58

55

20

74

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

Ca

272

262

313

297

289

302

277

292

275

305

4.0

3.2

3.5

3.6

4.1

3.5

3.5

3.9

4.0

4.0

Fe/Cr

4.1

4.0

4.4

4.3

4.0

4.1

4.3

4.2

4.1

4.1

1.2

1.3

1.4

1.3

0.1

0.4

0.4

0.4

0.1

1.6

P/S

2.3

1.3

2.0

1.6

1.6

1.1

0.6

1.8

0.6

1.5

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

4.1

5.1

5.8

3.0

4.2

2.5

2.3

3.6

2.2

9.7

Ca/Fe

Table 3. Composition of the of pollutants in industrial wastewater in g/dm3 (iron, chromium, nickel, copper, phosphorus, sulphur) and the corresponding pollutants
in the filter cake per g/kg of dry matter (iron, chromium, nickel, copper, phosphorus, sulphur, calcium
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