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A B S T R A C T   

Several industrial activities produce metal sulfates, which are controlled by strict limitations for wastewater 
concentrations of sulfate. One emerging area where these activities occur is the production of lithium-ion battery 
chemicals in which sodium sulfates are formed because of cathode precursor co-precipitation. Several solutions 
for sulfate removal exist, but one option is to reuse the sulfate side stream in other processes to increase circular 
economy and atom efficiency. In this paper, the reuse of sodium sulfate solution in a steel industry pickling 
solution is considered. Neutral electrolytic pickling experiments were carried out to compare the pickling 
behavior of the electrolyte dissolved from pure sodium sulfate and the electrolyte diluted from a side stream 
solution. Effect of impure electrolyte was evaluated using field emission scanning electron microscopy (FESEM) 
and energy dispersive X-ray spectrometry (EDS). Concentrations of the metal ions were determined by induc
tively coupled plasma-optical emission spectrometry (ICP-OES). The results indicated a slight increase in current 
efficiency with the side stream electrolyte solution, while overall the pickling behavior remained similar. This 
suggests that a side stream sodium sulfate solution could be used as a pickling electrolyte, reducing the need for 
pure reagents.   

1. Introduction 

Both globally and in Finland, several industrial activities (e.g., metal 
refining, pulp production) produce metal sulfates, which are controlled 
by strict limitations for wastewater concentrations of sulfate. One 
emerging area where these activities occur is the production of lithium- 
ion battery chemicals, especially precursors. For example, in Finland, 
the limits of the wastewater sulfate concentrations are determined by 
the environmental permission of the company. The common limit for 
sulfate concentrations in sewer water is 400 mg L− 1 (Limits of Water 
Quality for Sewer Water; Wastewater Limits for Viikinmäen and Suo
menojan Water Treatment Plants). Although sulfate ions are not 
considered hazardous, sulfate limitations are established to reduce the 
environmental strain caused by the increase in saline concentrations of 
natural waters, especially in fresh waters. The need to avoid salination 
while increasing industrial production requires more efficient methods 
for wastewater treatment, both for sulfate removal and for reusing 
sulfate-containing solutions. Sulfate recovery methods that reduce the 
sulfate concentration of purified wastewaters in a commercially viable 
and efficient way have recently become a point of interest of several 

studies (Dutrizac and Chen, 2005; Li et al., 2019; Rögener et al., 2012). 
The promising methods include precipitation of sulfate as sparingly 
soluble compounds, such as gypsum (CaSO4 ⋅ 2H2O), ettringite 
(Ca6Al2(SO4)3)(OH)12 ⋅ 26H2O), or barite (BaSO4), with either chemical 
or electrochemical coagulation, or by separating the sulfate via mem
branes or ion exchange methods(Ghyselbrecht et al., 2013; Mamelkina 
et al., 2017; Tun and Groth, 2011). A complementary possibility is to 
reuse a portion of the side stream sulfate solution in other processes, 
rather than as a waste, increasing circular economy and atom efficiency. 

One possibility that has not been previously explored is the utiliza
tion of the sulfate solution from battery precursor production as an 
electrolyte in the neutral electrochemical pickling of stainless steels. As 
the final process step at the steel mill, the oxides formed on the surface of 
the stainless steels during hot rolling and final annealing must be 
removed by dissolving them together with the chromium-depleted layer 
that forms underneath the oxides (Li and Celis, 2003). The final disso
lution is usually done with a mixed acid solution consisting of nitric and 
hydrofluoric acids (Li and Celis, 2003; Lindell and Pettersson, 2010; 
Narváez et al., 2003). However, the reaction produces hazardous nitrous 
oxides. The emissions can be reduced by limiting the reactants, metals 
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and metal oxides, entering the system, and immersion time required for 
scale-free results, including pickling at higher temperatures. Common 
pre-pickling method is partial electrochemical dissolution of the oxide 
layer in a near-neutral sulfate solution (pH 2–7) (Braun, 1980; Li and 
Celis, 2003). This significantly reduces the immersion time required for 
mixed acid pickling (Hildén et al., 2000, 2001; Ipek et al., 2005a), as the 
revealed chromium-depleted metallic substrate is rapidly dissolved by a 
mixture of hydrofluoric acid and nitric acid (Geng et al., 2015; Li and 
Celis, 2003; Lindell and Pettersson, 2010). The process is known as the 
Ruthner Neolyte Process or neutral electrolyte pickling (Li and Celis, 
2003). Another emerging method for reducing nitrous emissions is to 
replace the nitric acid with a mimicking mixture of acid(s) and an 
oxidizing agent, for example, with hydrochloric acid and hydrogen 
peroxide (Homjabok et al., 2010; Li et al., 2008; Li and Zhao, 2019). As 
the basics of reactions are similar, neutral electrolytic pickling remains a 
relevant pre-pickling step. 

Originally, Braun suggested that the dissolution was based on reac
tion between sulfate ions and the oxide layer, activated by electric 
current (Braun, 1980). The presence of higher valence metallic ions, that 
is, Cr6+, as chromate (Cr2O2−

7 ) and Fe3+, in the pickling solution con
tradicted this mechanism, as their presence is evidence of anodic re
actions of the oxides (Shapovalov et al., 1982). The current consensus 
(Hildén et al., 2000; Li and Celis, 2003; Vynnycky and Ipek, 2009a) 
seems to be that the neutral electrochemical pickling is based on the 
anodic dissolution of the oxide scale. The anodic dissolution is especially 
effective in oxidation of chromium and manganese oxides, the main 
components of scale after short, low temperature annealing after cold 
rolling (Airaksinen et al., 2020; Li and Celis, 2003; Zacchetti et al., 
2009). A detailed study of the three-step mechanism is given by Hildén 
et al., 2000, 2001 The related electrochemical reactions are presented in 
Equations (1)–(5). Equations (1) and (2) describe the bulk reaction for 
anodic dissolution of chromium oxide at varying pH (Ipek et al., 2005a) 
described as second step by Hildén et al., 2000, 2001 Equation (3) de
scribes the dissolution of the manganese chromium mixed oxide phase at 
the beginning of pickling and the first mechanism step described by 
Hildén et al., 2000, 2001 Manganese is enriched at the early stages of the 
final annealing (Gonzales et al., 2008). Equations (4) and (5) describe 
the cathodic and anodic electrolysis of the water, contributed as main 
reactions in pickling cell as majority of current is spent in them. During 
pickling, iron oxide is concentrated up to 50 wt% as the surrounding 
chromium oxide is dissolved. (Hildèn et al., 2000; Schmuki, 1998), The 
main dissolution reaction becomes inhibited, but after extended polar
ization at increasing surface over potentials, iron oxide dissolution fol
lows as the third step of the mechanism (Hildén et al., 2000, 2001). 

In the mechanism, sodium sulfate appears as an inert electrolyte salt, 
explaining the relatively low current efficiency of the reaction. Vyn
nycky and Ipek, 2009a, 2009b also noted the role of sodium sulfate as a 
secondary electrolyte which conducts current, while developing a 
mathematical model for neutral electrolytic pickling. Sodium sulfate 
should be replaceable with different inert salts, without compromising 
further decrease in pickling efficiency, if the conductivity of the solution 
is sufficient to reach current densities necessary for scale dissolution 
(Hildén et al., 2000). 

Cr2O3 + 5H2O ​ →2CrO2−
4 + 10H+ + 6e– (1)  

Cr2O3 + 4H2O ​ →Cr2O2−
7 + 8H+ + 6e– (2)  

MnCr2O4 + 8H2O ​ →2 ​ HCrO−
4 + MnO−

4 + 14H+ + 11e– (3)  

2H2O ​ (l)+ 2e–→H2(g) + 2OH–(aq) (4)  

2H2O ​ (l)→ 4H+(aq) + 4e– + O2(g) (5) 

In an operational electrochemical pickling bath, the electrolyte 
contains several dissolved metal cations, including Fe2+, Fe3+, Ni2+, 
Cr6+, Cr3+, in addition to Na+ and SO4

2− from the pure electrolyte 

(Shapovalov et al., 1982). The side stream sodium sulfate solution 
containing nickel ions was tested to be utilized as an electrolyte in 
neutral electrolytic pickling. Utilization of side stream solution could 
reduce the need for pure chemicals and the total chemical strain on the 
environment. As the nickel ions would already be present in pickling 
bath from dissolution, the required changes in existing water treatment 
processes should be minimal. Any residual metal ions in the side stream, 
along with the additional metals dissolved during pickling, should be 
recoverable during normal wastewater treatment. The improvement of 
recovery from pickling liquors is already a point of interest in several 
studies (Dutrizac and Chen, 2005; Rögener et al., 2012; Wieczor
ek-Ciurowa et al., 2001), and outside the scope of this article. 

An industrial neutral electrolytic pickling line runs between sets of 
driving electrodes. Common materials include steel or stainless steel for 
cathodes and lead for anodes (Ipek et al., 2005b; Shapovalov et al., 
1982). In previous research, Tuovinen et al. (2020) noted that the 
behavior of directly polarized and bipolar cells differ, and to simulate 
the industrial process as closely as possible, pickling research should be 
conducted with a bipolar cell. The bipolar cell has received increased 
interest recently, and the basics are summarized, for example, by Fos
dick et al. (2013) and Crooks (2016) 

Experiments were carried out to compare the pickling behavior of an 
electrolyte dissolved from pure sodium sulfate, referred to as PE, and a 
solution diluted from a side steam solution, referred to as SE. The 
comparison was made to determine whether the increased nickel ion 
concentration or the remaining impurities would affect the pickling 
results of cold rolled and annealed AISI 304 stainless steel. The effects 
were evaluated by comparing field emission scanning electron micro
scopy (FESEM) images with recorded energy-dispersive X-ray spectros
copy (EDS) signals. Concentrations of the metal ions were determined by 
inductively coupled plasma optical emission spectrometry (ICP-OES). 
Overall, the aim was to study the suitability of a secondary electrolyte 
solution for neutral electrolytic pickling using reference samples. If 
suitable, utilizing side stream would have the potential to decrease the 
use of primary pure reagent solutions. 

2. Experimental 

To evaluate the feasibility of side stream solution as a replacement 
reagent for pure sodium sulfate in the neutral electrolyte pickling effi
ciency utilizing side stream solution, test solution was acquired from 
battery production. The tests were carried out in laboratory scale bipolar 
pickling device, simulating industrial scale line. 

2.1. Materials 

Side stream sodium sulfate solution was acquired from laboratory- 
scale precipitation process, producing nickel hydroxide powder as bat
tery chemical precursor material (Välikangas et al., 2020). In previous 
study, a secondary industrial nickel sulfate side stream containing minor 
concentrations of iron (Fe, 10.4 mg L− 1), cobalt (Co, 14.2 mg L− 1), so
dium (Na, 18.0 mg L− 1) and phosphorous (P, 14.2 mg L− 1) as the main 
impurities was used as the nickel source for the precipitation of Ni(OH)2 
using the following method. 

Spherical nickel hydroxide (Ni(OH)2) precursor material was syn
thesized by using hydroxide co-precipitation under an inert atmosphere 
according to the literature reference (Yang, 2002; Weiwei et al., 2015). 
The continuously stirred tank reactor precipitation was carried out at a 
temperature of 40 ◦C under vigorous mixing. The reactor was preloaded 
with deionized water, and the aqueous solutions of 1.5 mol L− 1 NiSO4, 
2.5 mol L− 1 NaOH, and concentrated ammonia were fed to the reactor 
separately using peristaltic pumps. The feeding rates of the reactants 
were optimized to achieve a desired precipitation pH level and ammonia 
concentration in the reactor. At the end of the precipitation process, the 
solid precursor particles were filtered, washed carefully with deionized 
water, and dried at 60 ◦C under vacuum overnight. The leftover filtrate 
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was collected to be used as the side stream electrolyte (SE) in the 
pickling research. 

Conductivities of the solutions (ion exchanged laboratory water, SE, 
and PE electrolytes) were determined with a HACH HQ40D-meter (Hach 
Company, Loveland, CO, USA) connected to a conductivity probe 
(CDC401; 0–200 mS cm− 1). Calibration was tested with 0.1 M KCl so
lution before measurements. The calculated concentration of sodium 
sulfate in the filtrate was 0.6 mol L− 1, or about 8 wt%. Concentrations of 
nickel (Ni), iron (Fe), lead (Pb), and chromium (Cr) in the SE were 
analyzed with the Agilent 5110 VDV ICP-OES (Agilent, Santa Clara, CA, 
USA). The limits of the error value reported with the results are a 
combination of the relative standard deviation (SD) of the analysis 
laboratory and error form sample preparation. 

As the original precipitation reaction of nickel hydroxide requires a 
high pH, ca. 12.5, the pH of the side stream sulfate solution was lowered 
to 3–4 with 2 M sulfuric acid diluted from BAKER ANALYZED Sulfuric 
Acid, J.T.Baker, 95–98% (MG Scientific, Pleasant Prairie, WI, USA) and 
diluted to 1:5 with ion-exchanged water prior to pickling to increase the 
current efficiency of the bipolar cell (Tuovinen et al., 2020). The pH was 
determined using a HACH HQ40D-meter (Hach Company) connected to 
a pH probe (PHC10101; pH 2–14). Three-point calibration was carried 
out using commercial buffers with pH of 4, 7, and 10 (product numbers 
FF165, FF172, and FF183; FF-Chemicals, Haukipudas, Finland) before 
measurements. After the dilution, the measured pH and conductivity of 
the SE solution were 4.0 and 49.1 mS cm− 1 at room temperature. Ac
cording Tuovinen et al. (2020), the conductivity matched a 5 wt% so
dium sulfate solution of pure grade reagent. During neutralization, the 
color of the solution changed from blue to clear as the complex between 
the nickel ions and ammonium decomposed (Grujicic and Pesic, 2006), 
but no further precipitation was observed. 

Ammonium concentration was determined with a HACH HQ40D- 
meter using an NH4-probe (ISENH4181) from a side stream solution. 
The solution was diluted with 1 M H2SO4 diluted from BAKER 
ANALYZED Sulfuric Acid, J.T.Baker, 95–98% to reach calibration range 
of 10–1000 mg L− 1 (product numbers 15349, 2406549, and 2354153; 
Hach Company) and to liberate ammonia from the nickel complex. The 
pH was under 2 after the dilution. The absence of chloride ions was 
determined from undiluted and filtered side stream solutions by silver 
chloride precipitation. 

The PE sample was used for comparison, and it was prepared from 
reagent grade sodium sulfate (Na2SO4 ≥ 99.0%; Honeywell, Seelze, 
Germany) dissolved in ion-exchanged water (measured conductivity <2 
μS cm− 1). The final pH of sodium sulfate was adjusted to 4.0 with 2M 
sulfuric acid. After adjusting the pH, the conductivity of the room 
temperature PE solution was 48.3 mS cm− 1. 

The 1.5 mm thick cold-rolled and annealed stainless steel process 
samples of AISI 304 were obtained from the steel mill at Outokumpu 
Stainless Oy (Tornio, Finland) and were cut to steel strips of 1.5 cm × 5 
cm using a Struers Secotom-10 precision saw (Struers, Ballerup, 
Denmark) and a 50A20 aluminum oxide cut-off wheel. The nominal 
elemental composition, as reported by the producer, is provided in 
Table 1. 

2.2. Neutral electrochemical pickling 

The neutral electrolyte pickling of the stainless steel was done using 
the pickling device built at the University of Oulu. The schematics, first 
described elsewhere (Tuovinen et al., 2020), are shown in Fig. 1. Instead 
of titanium driving electrodes used previously, two 0.5 mm carbon steel 

sheets of 2.5 cm × 2.5 cm were used as driving electrode cathodes, while 
two 1 cm lead-silver alloys of 3 cm × 2.5 cm were used as driving 
electrode anodes. The distance between steel strip and driving elec
trodes was kept at 6 mm. Unlike previously, variation of polarization 
was not included as lead electrodes would be destabilized during 
cathodic polarization and manual switching of sample positions could 
disrupt the sample surfaces by increasing the mechanical strain. 

During the pickling, a total of 32 galvanostatic pulses, each 2 s long, 
were utilized with a 2–4 s pause between pulses for a total pickling time 
of 2 min and 40 s. The current source recorded (A1) the total current for 
a total of 2 min and 45 s at a frequency of 200 ms− 1, while the amper
ometer (A2) recorded the sample current at a frequency of approxi
mately 500 ms− 1. The current polarized the steel strip closer to steel 
cathodes anodically, while the steel strip closer to lead anodes was 
polarized cathodically. The anodic stainless steel strip was regarded as a 
sample for FESEM-EDS analysis. Cathodic polarization of the samples, 
simulating the cathodic polarization of steel strips during the industrial 
pickling process, could not be introduced due to driving electrode ma
terials used in picking. The protective layer in lead anodes stabilized 
relatively slowly during anodic polarization and would have been 
destabilized by the localized high alkalinity at the cathodic electrodes, 
caused by the electrolysis of water described in Equation (4) (Ipek et al., 
2007; Shapovalov et al., 1982). 

To compare the dissolution rate during pickling, four samples were 
pickled with a total current of 1 A in both SE and PE electrolytes. The 
higher current was used to increase current density passing through the 
samples, and, as noted by Ipek et al. and Hidén et al. (Hildén et al., 2000, 
2001; Ipek et al., 2005a), increased the dissolution rate of the oxides. 

To compare changes in the electrode surfaces, a pickling experiment 
was conducted with a total current of 0.6–0.7 A. The pickled samples 
were analyzed from three positions with FESEM-EDS to observe any 
changes in the surface of the steel samples. Before the pickling, the 
measured pH and conductivity of the SE solution were 4.0 and 49.1 mS 
cm− 1 at room temperature. The conductivity matched that of a 5 wt% 
sodium sulfate solution prepared from pure salt (Tuovinen et al., 2020). 
After preparation of the PE electrolyte, the conductivity and pH were 
48.3 mS cm− 1 and 4.0. The electrolytes were heated to 60 ◦C prior to 
pickling. A total of six cold-rolled and annealed AISI304 stainless steel 
samples were pickled electrochemically with both SE and PE electrolyte 
solutions. Cathodically polarized samples were not changed between the 
anodic samples, as the anodic dissolution of the oxide layer remained the 

Table 1 
The weight percent (wt%) elemental composition of AISI 304 stainless steel as 
declared by the producer.  

Cr Ni Mnmax C Simax Fe 

18.1 8.1 2 0.04 1 Bal.  

Fig. 1. Measurement system for bipolar pickling. The electrolyte is pumped 
from the tank to the pickling vessel, and the flow is marked with gray arrows. 
The vessel is marked with a gray rectangle. From the pickling vessel, the 
electrolyte flows back to the tank. The power source, marked with a black 
rectangle, is coupled to the pickling vessel. Amperometers A1 and A2 measure 
the current inserted into the system and passing sample. Driving electrodes, 
anodes (a), and cathodes (c), surround samples (b) at a distance of des, polar
izing samples indirectly. The electrode-to-electrode distance (dee) is 76 mm 
(Tuovinen et al., 2020). 
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principal mechanism (Hildén et al., 2000, 2001). Cathodic samples 
were, however, analyzed with FESEM similarly to the anodic samples. In 
addition, the 500× magnification of the samples was mapped for ele
ments by EDS to compare average changes in element compositions. In 
addition, the different morphologies were mapped to identify the oxide 
layer from the metal layer. 

3. Results and discussion 

3.1. Changes in the electrolytes 

Metal concentrations in the solutions were measured using ICP-OES. 
The results of this analysis are shown in Table 2. Of the analyzed metals, 
only nickel was found in the undiluted precipitant solution together with 
a calculated concentration of 8 wt% of sodium sulfate. After the pickling, 
the relative concentrations of chromium and nickel measured from the 
PE sample matched those reported by Ipek et al. (2005a) For the SE, the 
relatively high initial concentration of nickel prevented a similar com
parison. The estimated dissolution of nickel, about 0.5 mg L− 1, was well 
within the limit of error of the measurement, 1 mg L− 1. In both the PE 
and SE samples, the iron concentration after the pickling was relatively 
high, over 20 mg L− 1. In a laboratory-scale neutral electrolytic pickling 
experiment, the dissolved iron concentration remained under 3 mg L− 1 

(Ipek et al., 2005b). As the main mechanism of neutral electrolytic 
pickling is anodic dissolution of chromium oxide, at least until the very 
end of pickling (Hildén et al., 2000, 2001; Schmuki, 1998), the analyzed 
iron concentration suggests that at least some dissolution of the struc
tural steel cathode is happening either during electrolytic pickling or at 
the down time between samples due to acid dissolution. In addition, 
some dissolution of the lead anode was observed from the lead con
centration in the electrolyte solution, despite the formation of a pro
tective lead oxide layer at the anodes. Dissolution of lead was observed 
by Shapovalov et al. (1982) and could be attributed to uneven reaction 
rates that cause changes in solution pH and destabilization of the passive 
layer of lead anodes. 

The ammonium ion concentration determined with HACH was 4.0 g 
L− 1 and 0.8 g L− 1 in diluted solution used in the pickling. No visible 
precipitation was observed when silver nitrate was added and the mass 
change of filtered solids was below certainty of scale, 0.1 mg, indicating 
absence of significant concentrations of chloride ions in the SE solution. 

3.2. Changes in the electrodes 

To calculate the current efficiency (IEff) of the cell, the current 
passing the sample (Isample) was compared to the total current of the cell 
(Itotal) as shown in Equation (6). 

IEff =
Isample

Itotal
× 100 % (6) 

As the cell was galvanostatic, the cell current was constant during 
measurement. The sample current was calculated as the average of the 
recorded values that exceeded 0.2 A to select the peak current from ramp 
and noise, while the total current exceeding 0.6 A was selected as the 
peak current. As noted in previous studies (Ipek et al., 2005a; Tuovinen 
et al., 2020), the calculated current efficiency was higher at higher total 
currents. The calculated current efficiency was systematically slightly 
higher, 46% compared with 39%, for the SE than the current efficiency 
of the PE. The significance of the results passed a t-test with confidence 

interval of 95%. According to Tuovinen et al. (2020), the slightly higher 
conductivity of the SE solution (49.1 mS cm− 1 and 48.3 mS cm− 1) 
should lead to a decreased current efficiency of 0.4% when compared 
with PE efficiency. Therefore, the conductivity differences could not 
explain the results. The area for the current density calculations of the 
samples was calculated with half sample length, as the highest current 
densities concentrate to the half closest to the driving electrodes. The 
localization of the dissolution in both the SE and the PE samples is 
exemplified in Fig. 2. Therefore, the current density of the samples was 
calculated with half length of the samples as an estimation of the area of 
high current density. The average current density passing sample was 
34.4 mA cm− 2 for the samples pickled in the PE and 39.9 mA cm− 2 for 
the samples pickled in the SE. 

The FESEM images of the samples pickled in the PE and the samples 
pickled in SE were seemingly similar, as can be seen in Fig. 3 a and b. The 
samples remained mostly covered by oxide, but larger areas of chro
mium depleted layer were revealed, and remaining oxide appeared 
thinner than in unpickled sample shown in Fig. 3 c. The cathodically 
polarized samples remained covered by an oxide layer, as can be seen 
from Fig. 3 d, with small areas of metal substrate visible underneath. 
This could have been caused by uneven scale formation and scale 
cracking occurring during cooling, as is common with cold-rolled and 
annealed austenitic stainless steel samples (Stott and Wei, 1989). EDS 
analysis of the samples showed only a slight difference in pickling effi
ciency between samples pickled in the PE and the samples pickled in the 
SE. Statistically, the most significant difference was the slightly higher 
nickel concentration at the surfaces of the secondary electrolyte sam
ples. However, the average difference was 0.8% on a minor constituent 
(nickel concentration of 4.5–7.0 wt% across all measurements, 8.1 wt% 
as declared by the producer), so it is questionable whether the resolution 
of the EDS analysis was sufficient for a quantitative estimation of the 
differences (Newbury and Ritchie, 2013). The other differences were 
well over a p-value of 0.10. The differences remained within uncertainty 
of the method. Minor concentrations of lead were observed in both 
cathodes, suggesting some reduction of metals at the cathodic end, 
although the concentrations remained too low to quantify. 

All the anodic samples were manganese free at the areas affected by 
the highest current density after one pickling cycle with a total current of 
0.7 A. When considering the total area of dissolved scale and the initial 
nickel concentration of the SE, no relevant difference was observed 
between the composition of SE and PE. 

4. Discussion 

In the neutral electrolytic pickling mechanism given by Hildén et al., 
2000, 2001, the transpassive anodic dissolution of the scale happens in 
three steps via electrochemical oxidation of metal oxides to higher 
valence. In the first step, the mixed phase of manganese and chromium 
oxide is dissolved, as described in Equation (3). Both SE and PE samples 
reached the second step, where the remaining chromium oxide was 
dissolved until the remaining iron oxide concentration was increased to 
50 wt%, and dissolution was inhibited. It is implied by the given 
mechanism, and supported by calculations of Vynnycky and Ipek, 
2009a, 2009b, that the electrolyte merely acts as an inert conductor 
between bipolar and driving electrodes, and that the total conductivity 
should affect the pickling efficiency more than the absolute composition 
of the electrolyte. These results agree, as the samples were practically 
identical after pickling in two electrolytes of similar conductivity, but 

Table 2 
The ICP-OES analysis results for the solutions used in the neutral electrolytic pickling and calculated sodium sulfate concentrations.  

Sample Cr (mg L− 1) Fe (mg L− 1) Ni (mg L− 1) Pb (mg L− 1) Na2SO4 (wt%) 

Ni-precipitation solution – – – – 175 ±5 – – 8 
SE (diluted 1:5 from above) after pickling 0.76 ±0.04 24 ±1 44 ±1 7.5 ±0.4 2 
PE after pickling 0.63 ±0.03 21 ±1 0.44 ±0.1 8.9 ±0.5 5  
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different composition. 
When ammonium sulfate was added to the PE solution, no significant 

drop in pickling efficiency was observed, while the similar addition of 
sodium sulfate caused the drop in pickling efficiency. The ammonium 
ion seems to compensate for the drop in efficiency caused by the 
increased conductivity of the solution. This would explain the observed 
increase in the pickling efficiency of the side stream electrolyte solution. 

The increase in the pickling efficiency of the cell is likely caused by the 
cathodic activity of the ammonium ion, as it can be reduced at the 
surface of the electrode. However, a high concentration of sodium sul
fate was noted to inhibit the reaction. Another possibility is the forma
tion of an iron ammonia complex in the pickling solution. However, 
neither the effect of iron ion nor the ammonium ion concentration on the 
current efficiency of bipolar neutral electrolytic pickling has not yet 

Fig. 2. An example of the localization of the scale dissolution at the sample. Dissolution at the total current of 1A and sample current density of 75 mA cm− 2. SE1 and 
PE1 pickled twice, with total current of 0.6 A and with 0.7 A. SE4 and PE4 pickled with total current of 0.7 A. 

Fig. 3. FESEM images of a) sample pickled in the pure reagent grade sodium sulfate electrolyte, b) pickled in side stream sodium sulfate electrolyte, c) unpickled 
sample and d) cathodic pure reagent sample. The oxides of pickled samples have thinned, and more chromium depleted layer can be seen between residual scale. 

T. Tuovinen et al.                                                                                                                                                                                                                               



Journal of Cleaner Production 324 (2021) 129237

6

been reported. Future studies will focus on the effect that the dissolved 
species have for efficiency of bipolar neutral electrolyte pickling. 

Sodium sulfate is an inexpensive and inert electrolyte salt for the 
neutral electrolyte pickling of stainless steels. The cost of the chemicals 
required remains rather nominal, and usage of the side stream salt so
lutions is severely limited by the increased costs of transportation. In 
addition, the supersaturation of the salt form the solution is possible due 
to low temperatures during transportation. Typically, a combination of a 
high concentration of precursor solutions and reaction temperatures are 
required at precipitation reactions to ensure pure separation of the 
sparingly soluble products. The clear overflow solution is typically a 
highly concentrated salt solution. The solubility of sodium sulfate de
creases significantly below 32.2 ◦C, caused by a change in thermody
namically favored phase from sodium sulfate (Na2SO4) to metastable 
sodium sulfate heptahydrate (Na2SO4 ⋅ 7H2O) and sodium sulfate dec
ahydrate (Na2SO4 ⋅ 10H2O). The maximum temperature (T ◦C, when 

under 32 ◦C) dependent solubility of sodium sulfate (cmax, mol kg− 1) can 
be calculated using Equation (7) (Krumgalz, 2018).   

However, previous research (Tuovinen et al., 2020) suggested that 
the high concentration of sodium sulfate significantly decreases the ef
ficiency of the bipolar cell used in stainless steel production, as the 
higher conductivity increased current loss due to driving electrodes 
short circuiting. An additional step of precipitation of the side product 
could be introduced while excess heat could be recovered. The lower 
concentration solution could be beneficial for the system and could in
crease the temperature range of transportation from 32.2 ◦C and over to 
5 ◦C and over. For example, after supersaturation at 5 ◦C, the concen
tration of sulfate is 6.1 wt%, and after supersaturation at 10 ◦C, the 
concentration of sulfate is 8.3 wt%. 

The metal concentrations in an industrial neutral electrolytic pick
ling tank vary from 0.48 to 0.94 g L− 1 for nickel (II), 0.02–0.57 g L− 1 for 
iron (III), 0–0.17 g L− 1 for iron (II), 0–0.050 g L− 1 for chromium (VI), 
and 0.004–0.140 g L− 1 for chromium (III). When the current is switched 
off, the iron tends to form iron (III) hydroxide, with concentrations up to 
14.6 g L− 1. Both chromium (VI) and iron (II) concentrations drop when 
the current is turned off, suggesting redox reaction between the species 
(Johnson et al., 1992). The remaining chromate is reduced with sodium 
sulfite in acidic conditions, the sludge is separated, and the remaining 
wastewater is mixed with wastewater from mixed acid pickling for 
neutralization. In mixed acid pickling wastewater, the average nickel 
concentration can be 10 times higher (Rögener et al., 2012) than re
sidual concentrations measured in this work. 

A possible method of wastewater processing is precipitation of the 
sulfate and reduced chromium (III) as jarosite-type compounds. How
ever, the sensitivity for acid, the relatively high temperature, 230 ◦C, 
and a cation that the precipitation reaction requires diminishes its use
fulness as a treatment method (Dutrizac and Chen., 2005). In theory, the 
similar chemistry of chromium (III) and aluminum (III) could be utilized 
for the ettringite-type precipitation process, but in practice, the reaction 
requires significant optimization of the reaction conditions to avoid 
co-precipitation of other metal ions (Wieczorek-Ciurowa et al., 2001). 
Membrane electrolysis, crystallization, or ion exchange techniques are 
also studied options for easing the recovery by increasing the concen
tration of the residual ions in stainless steel production wastewaters 
(Ghyselbrecht et al., 2013; Tun and Groth, 2011). 

The demand for battery materials is predicted to grow significantly 

in the future, as the number of hybrid and electric cars, energy storage 
services, and several mobile applications of high energy batteries are all 
predicted to grow globally in order to reach the goals of carbon emission 
reductions. The precursor materials for batteries are commonly pro
duced via hydrometallurgical precipitation processes. These processes 
usually also produce a side stream of a salt solution. Increasing pro
duction provides a problem of either finding an alternative usage for this 
solution or using an efficient desalinization method to avoid strain on 
the environment. If salt solution remains inert at the process conditions, 
neutral electrolyte pickling could be one such application, where the 
side stream solution could be utilized. According to these results, the 
leftover precipitation solution from nickel hydroxide production could 
be utilized in such a way. The reaction efficiency was increased, as 
indicated by the greater extent of the dissolution of the oxide layer when 
compared with samples pickled in the PE solution. 

5. Conclusions 

The possibility of using sodium sulfate containing side stream elec
trolyte (SE) solution from nickel hydroxide production was evaluated as 
an electrolyte solution in neutral electrolytic pickling of stainless steel. A 
comparison was made with reagent grade sodium sulfate solution (PE) 
of comparable conductivity. The main findings were:  

• The SE from nickel hydroxide precipitation of battery chemical 
precursor material production can be used as an electrolyte solution 
for neutral electrolytic picking of austenitic stainless steel after 
acidifying the solution with sulfuric acid.  

• The current efficiency of the cell is larger when the SE solution is 
utilized when compared with PE, despite the similar conductivity of 
the solutions. The increased current efficiency leads to a slight in
crease in the dissolution of the scale. 
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