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Työn tavoitteena oli ruostumattoman teräksen kylmävalssauksen regenerointiprosessissa syntyvän sakan metallien 

erottaminen toisistaan ja rikkihappoliuoksesta kemiallisella saostamisella. Testit suoritettiin Outokumpu Oyj:n 

Tornion terästehtaalta saadusta regenerointisakasta. Regenerointisakka sisältää merkittäviä määriä rautaa, kromia ja 

nikkeliä sekä rikkihappoa. Tällä hetkellä ei löydy sellaista prosessia, jolla nämä kaikki metallit saataisiin 

hyötykäyttöön. Ilman näiden metallien ja rikkihapon talteenottoa, regenerointisakat päätyvät terästehtaiden 

kaatopaikoille, jonka seurauksena ympäristöön voi päästä haitallisia aineita. Lisäksi siinä menetetään arvokkaita 

raaka-aineita, jotka voitaisiin kierrättää takaisin prosessiin.  

 

Työ suoritettiin laboratoriossa kahdessa eri saostusvaiheessa. Ensimmäisessä saostusvaiheessa pyrittiin saamaan 

talteen rauta ja kromi, ja toisessa saostusvaiheessa saostettiin nikkeli. Ensimmäisessä saostusvaiheessa parhaat 

tulokset saatiin liuoksen pH:n ollessa 5.0-5.5. Tällöin rauta saostui käytännössä kokonaan ja kromin saanto oli 53- 

67 %. Nikkeliä ei saatu kokonaan pysymään liukoisena vaan sitä saostui raudan ja kromin mukana 8-16 %. Toisen 

saostusvaiheen tulokset osoittavat, että pH 11.0 on riittävä nikkelin saostamiselle. Kaikki metallit saatiin saostettua 

joko ensimmäisessä tai toisessa vaiheessa, mutta nikkelin saostumista raudan ja kromin sekaan ei saatu täysin 

estettyä. Kromin ja nikkelin erottaminen toisistaan vaatii vielä lisäkokeita. Lisäksi nikkelin talteenoton jälkeen jäljelle 

jäänyt lähes puhdas natriumsulfaatti-liuos kiteytettiin haihduttamalla. 
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Abstract 

 

 

The goal of this study was to separate metals from the regeneration sludge generated in a cold rolling of stainless 

steel by chemical precipitation. The tests were carried out with the feed from the Outokumpu Ltd. stainless steel 

factory in Tornio. The regeneration sludge contains significant amounts of iron, chromium, nickel and sulfuric acid. 

At the moment, there is no proper process to separate these metals. Without the utilization and separation of the 

metals, they end up in the landfills of steel factories. This increases the environmental load and the loss of primary 

materials, which could be recycled back to process.  

 

 

The experiments were performed in a laboratory in two precipitation stages. In the first precipitation stage the goal 

was to precipitate iron and chromium. In the second precipitation stage the goal was to precipitate nickel. In the first 

precipitation stage the best results were obtained when the pH value was 5.0-5.5. At that pH range almost all the iron 

precipitated and the yield of the chromium was 53-67 %. Unfortunately, some of the nickel, 8-16 %, precipitated 

with iron and chromium. The results of the second precipitation stage showed that the pH 11.0 is suitable for nickel 

precipitation. This study showed that all the iron, chromium and nickel are possible to precipitate by two stage 

chemical precipitation. However, the precipitation of nickel in the first stage could not totally be prevented. The 

separation of chromium and nickel needs a further study. In further processing the liquid sodium salt left after nickel 

precipitation was crystallized by evaporation. The crystallized sodium salt contained hardly any impurities.  
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1 INTRODUCTION 

The utilization of the regeneration sludge generated in cold rolling of stainless steel is an 

important environmental issue. Waste streams from a pickling process have high metal 

and acid contents so they should be treated appropriately. The streams are highly 

corrosive and polluting if they get to the environment. Waste liquor contains various 

metals and some organic compounds all of which are very toxic even at low concentration 

in water (Agrawal and Sahu 2009). Steel manufacturing factories in Europe produce     

300 000 m3 of spent pickling solutions every year and about half of it is stored. The total 

amount of produced stainless steel in Europe is 6 000 000 tonnes per year. (Frias et al. 

1997-2000) Thus, the subject has also a global interest.  

The objective of this thesis was to find potential end-use applications for the regeneration 

sludge generated in pickling processes. The subject was chosen because there is no proper 

technology to utilize the regeneration sludge and because valuable natural resources are 

lost by disposing the sludge into landfills. In this thesis is studied if metal containing 

acidic sludge can be utilized so that the metals can be precipitated rather pure and the 

sulphate can be recycled back to the pickling process. In the case the metals can be 

precipitated, there are multiple potential applications where the precipitated metals can 

be used. In this way the primary materials can be recovered and recycled instead of mining 

them from the ground. Also the recycling of the sulphate will decrease the need of fresh 

sulphate in the process. The method that is used in this thesis is two stage chemical 

precipitation. It is expected to receive Fe(OH)3 and Cr(OH)3 in the first precipitation and 

then pure Ni(OH)2 in the second precipitation. The liquid left after two precipitation 

stages is expected contain mostly dissolved Na2SO4. 
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2 STAINLESS STEEL MANUFACTURING 

2.1 The processes in smelting plant 

About 60% of the world steel production uses iron ore as the main raw material. The rest, 

i.e. nearly half of the world steel, is made from recycled steel scrap. In Finland the steel 

factory at Raahe produces its steel from iron ore whereas the steel factory at Imatra uses 

recycled steel scrap. (Härkönen 2014) In Tornio stainless steel is made from recycled 

steel scrap and only about 10-15 % of the raw material is virgin material like different 

alloys and metallic elements (Outokumpu 2013).  

In stainless steel production the recycled steel scrap is first melted in an electric arc 

furnace. Melted ferrochrome and additives are converted in a FeCr converter before 

entering an Argon Oxygen Decarburization (AOD) converter together with the melted 

steel scrap (Härkönen 2014). The AOD converter removes carbon, sulphur and nitrogen 

if necessary and produces crude steel (Outokumpu 2013). After the AOD converter the 

composition and the temperature of the steel is matched to an optimal level for continuous 

casting. Steel may also be processed to remove different contaminants and gases to have 

the properties that client wants. (Härkönen 2014) Finally the molten material is cast to 

slabs or ingots (Outokumpu 2013). An example of a flowsheet of the stainless steel 

production process is presented in Fig. 1.   
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Fig. 1. Flowsheet of a stainless steel production process (Adapted from Härkönen 2014). 

CAS-OB is composition adjustment by sealed argon bubbling-oxygen blowing process 

(Sulasalmi et al. 2015). 

As can be seen in Fig.1, crude steel is produced in different ways depending on the raw 

material. In blast furnace, the ingredients for pig iron, including iron pellets and coke, are 

fed to the mixture. In the blast furnace the temperature is about 1450 ˚C, when iron melts. 

After the blast furnace the molten pig iron is fed into a blend converter. The molten pig 

iron is mixed with recycled steel scrap, if used, and also CaO. In addition, different 

fluxing agents and oxygen are added. The process stage ends when the desired carbon 

level of the iron is achieved. (Härkönen 2014) A mixture of iron and carbon, which has a 

carbon content of less than 1.7 - 2 % is called steel (Metallinjalostajat 2009). After the 

blend converter the crude steel is ready for matching processes (Härkönen 2014). After 

electric arc furnace, blend converter and AOD converter, crude steel is treated in matching 

process so that the composition and temperature of the molten material is homogenous 

before continuous casting. Also the possible impurities, like hydrogen, oxygen, 

phosphorus and sulphur, are removed. This can be done with a vacuum treatment, CAS-

OB, ladle furnace or by wire feeding. (Härkönen 2014) These melting processes and 

different treatment processes for the molten steel are in the beginning of stainless steel 
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production process. After this the molten materials are casted to steel slab in continuous 

casting. (Outokumpu 2013)  

Nowadays, an electric arc furnace is mainly used for melting recycled steel scrap and for 

decarburizing the steel scrap to the desired carbon content level. In the electric arc furnace 

the temperature is 4000 ˚C – 6000 ˚C. The final processing to optimize the composition 

of the molten steel is done in the AOD converter. In the AOD converter decarburization 

is performed. (Härkönen 2014) In the AOD-converter also different gas and impurity 

contents can be reduced. (Meskanen and Toivonen 2016) In addition, FeCr must be 

treated in a special FeCr converter to reduce the carbon content of FeCr, because carbon 

is detrimental to the properties of stainless steel. (Härkönen 2014) 

Casting is done to turn the molten material into a solid form. Nowadays this process stage 

is done with a continuous casting, which produces slab for rolling. (Härkönen 2014)  

2.2 Hot and Cold Rolling of Stainless Steel 

After continuous casting the slab is sent to hot rolling and cold rolling, annealing and 

pickling as well as final processing before the steel is completely ready and tailored to 

meet the customer requirements. (Outokumpu 2013) Flowsheets of hot rolling and cold 

rolling processes are shown in Figs. 2 and 3. 

 

Fig. 2. Hot rolling process (Adapted from Outokumpu 2013). 
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As shown in Fig. 2, in the hot rolling treatment the slab, casted in continuous casting, is 

processed at a temperature that is higher than the recrystallization temperature of the 

material. Hot rolling is done to make the structure of the steel better and more stable. The 

temperature of the slab is raised in the walking beam furnace above 1200 ˚C and then the 

red and heat glowing slab goes through different kinds of rolling mills. (Outokumpu 

2013) In hot rolling the casted slab will get its shape and it will be thinner and longer. 

(Härkönen 2014) Hot rolled products as well as cold rolled products need annealing and 

pickling before they are ready for finishing operations. This is usually done on a 

continuous annealing and pickling line (CAPL), which is described in more detail later 

on this thesis in the connection with the cold rolling process. The products from hot 

rolling are sometimes sent straight to customers but usually they will go to cold rolling 

for further treatment. (Outokumpu 2013) In the cold rolling stage the steel plate can be 

rolled even thinner and its surface quality and mechanical properties can be optimized. 

The cold rolling process includes process stages for pickling, actual cold rolling and 

annealing. (Härkönen 2014) In Fig. 3, at combined cold rolling, annealing and pickling 

process is shown. This process is in use at the Outokumpu stainless steel factory located 

in Tornio. 

 

Fig. 3. Combined cold rolling, annealing and pickling line for stainless steel (Adapted 

from Härkönen 2014). 

At the first stage, marked as ‘1. Inlet’ in Fig. 3, rolls are welded together to create long 

connected lace. At the second stage the lace is cold rolled with multiple cluster mills. 

Third stage is annealing and pickling. At this stage of the process, cold rolled lace is first 

heat treated in the annealing process to improve the corrosion tolerance of the steel. Then 
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the steel goes a pickling bath where the scale is removed. At the fourth stage the steel 

product gets its final treatment. Depending on the requirements of the customer, the steel 

can be polished, brushed or a different pattern can be rolled on to the surface. Finally, the 

product is cut to pieces and sent to customers. (Härkönen 2014) 

Cold rolling includes rolling, annealing and pickling (RAP) processes. Usually the steel 

material is processed two times on this three-stage RAP line. After the first round the 

product is pickled to a hot strip or coarse cold strip. The roughness of the surface is now 

almost the same than after hot rolling but the accuracy of the measurements is the same 

as in finished cold rolled strip. After this first round the steel can be processed again on 

the same RAP line or in a Sendzimir-roll to get clean cold rolled strip. When the properties 

of the steel meet the requirements it is cut to smaller and shorter rolls that go to customers. 

(Härkönen 2014) A typical 5-stand tandem mill is represented in Fig. 4 and an example 

of a Sendzimir cluster mill is shown in Fig. 5. 

 

Fig. 4. Tandem mill (Adapted from Alves et al. 2012). 

Typically, a tandem mill, shown in Fig. 4, has three to six mill stands, which are organized 

in series. This arrangement enables reducing considerably the thickness of the strip only 

in a single pass. The tandem mill is often used in a continuous rolling line. In that case 

the continuous tandem mill line has a welder and an accumulator looper at the beginning 

of the line where successive coils from hot rolling are joined together. A continuous 5-
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stand tandem mill, which is directly connected to the pickling line, has become popular 

in tandem mill lines. (Primetals technologies 2016) 

 

 

Fig. 5. Cluster mill or Sendzimir mill (Adapted from Tata steel 2016). 

The Sendzimir mills, shown in Fig. 5, have usually working rolls with small diameter and 

two or three layers of supporting rolls. With these Sendzimir mills it is easier to control 

the quality of the steel because they have equipment to measure the thickness, profile and 

flatness of the strip (Outokumpu 2013). 

The cold rolling process, more specifically combination of different annealing and 

pickling processes, produces waste that is very hazardous and toxic for the environment 

(Frias et al. 1997-2000). This is a problem that is tried to solve all over the world (Regel-

Rosocka 2010). Next the annealing and pickling processes are studied more closely. 

2.3 Annealing and Pickling  

The steel properties change and the microstructure of the steel deforms during cold 

rolling. Therefore, to restore the steel properties and recrystallize the microstructure, the 

steel roll is annealed. (Outokumpu 2013) In annealing the surface quality achieved during 
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cold rolling is retained. To ensure this, annealing has to be done in a protective gas 

atmosphere or under oxygen exclusion in order to suppress oxidation. Continuous 

annealing lines are preferred because it allows flexible annealing cycles. In addition, the 

heating and cooling rates are higher than applying batch annealing. Flexible annealing 

and high heating and cooling rates are possible in continuous annealing lines. These 

properties are essential while heat treating high-strength steel grades. (Stahl 2016)  

In the annealing process there are one or several annealing furnaces, which are followed 

by a mechanical descaling step. Descaling can be done for example by shot blasting. After 

annealing comes pickling where the scale is removed by using an acid mixture containing 

nitric acid and hydrofluoric acid. In addition, sometimes also sulphuric acid (H2SO4) can 

be added to the acid mix. (Outokumpu 2013) The scale consists of iron oxides such as 

wüstite (FeO), magnetite (Fe3O4) and hematite (Fe2O3). The formed oxide layer during 

annealing is usually about 5 – 10 µm thick. (Kladnig 2008) 

The continuous RAP-line has usually also a pickling process as a pre-treatment phase. 

This process is often an electrolytic pickling step carried out in an aqueous sodium 

sulphate or nitric acid solution. For example, the majority of the cold rolled products at 

Outokumpu stainless steel factory have a surface where all oxide scale is removed with a 

chemical process and where mechanical scale breaking is not used. Usually the strip is 

passed through several consecutive mixed acid pickling baths and the product is finished 

off by high pressure water rinsing. (Outokumpu 2013)  

There is also another way to restore material properties. In bright annealing the strip is 

heat treated in hydrogen or hydrogen and nitrogen atmosphere and no oxygen is present 

in the furnace and the remaining metal oxides are reduced to metal. (Outokumpu 2013) 

Bright annealing includes two process stages. First the steel product is annealed in high 

temperature. Then the steel product is cooled rapidly by flushing the steel with N2 gas. 

After bright annealing the steel has only a little or none oxide on the surface. Having not 

any oxides on the surface of the annealed steel is an advantage, because then the oxide do 

not need to be removed in subsequent processing stages. (Thanakijkasem et al. 2014) The 

mirror like finish of the steel is possible if both heating and cooling are done in this kind 

of protective environment. (Outokumpu 2013) 
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Even though some material properties are restored during annealing, stainless steel is not 

ready to be sent to customers. The steel needs to be also skin-pass rolled to ensure the 

steel has the right properties and that they do not change when a customer starts to process 

it. (SMS Siemag AG 2012)  

2.4 Skin-Pass Rolling and Finishing 

In this process step the sheet surface is smoothened or roughened and compacted (Stahl 

2016). The main purposes of skin-pass rolling are to improve the strip shape and remove 

slight surface flaws. Also the desired surface finish is created and the appropriate 

mechanical properties are produced. (Outokumpu 2013) In Fig. 6 a skin-pass mill is 

shown. 

 

 Fig. 6. Skin-pass mill (The picture source SMS Group).  

 

SMS Siemag has designed a skin-pass mill, shown in Fig. 6, which is suitable for stand-

alone rolling facilities and which can be operated flexibly. SMS Siemag skin-pass rolling 
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mills are suitable for several different process steps. They can be used both in hot and 

cold rolling as well as for stainless steel. (SMS Siemag AG 2012) 

Finishing process is the final process before sending the product to the customer. The 

material is inspected for surface defects and coils and plates are tailored to meet the 

customer needs. (Outokumpu 2013) Depending on the situation there can be different 

steps like for example corrosion-protection and the strip can be slit into narrower strips 

or cut to shorter sheets. (Stahl) Slitted coils are shown in Fig. 7. 

 

 

Fig. 7. Narrow coils coming from a slitter (Adapted from Outokumpu 2013). 
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3 PICKLING PROCESS IN STAINLESS STEEL FINISHING 

PROCESS  

3.1 Chemistry of Pickling 

In pickling process, the oxide layer, which is formed on the top of the steel during 

annealing process, is cleaned. The thin layer of the oxide consists mainly of chromium 

oxide (Cr2O3), ferrous oxide (FeO) and manganese oxide (MnO). Usually most of the 

oxide layer is chromium oxide. Chromium oxide content of the oxide layer is normally 

between 55 and 65 %. Pickling includes three distinct subprocesses. First subprocess is 

the removal of the oxide layer, the thermally grown scale. This is done to improve the 

appearance of the product. Scale removal is usually done by shot blasting but it can be 

also done by electrolyte pickling in neutral salt solution. The second subprocess is done 

to improve the corrosion resistance of the final steel product. This is performed by 

dissolving the chromium-depleted zone that is formed during annealing. During the third 

and final subprocess the bulk steel is dissolved as little as possible. This dissolving is 

done to make a brightening effect to the final product. The last two process steps are 

performed in the aqueous mixed acid solutions. The solutions contain about 90-160 g/L 

HNO3 and 10-40 g/L HF. (Craig and Brown 2002) 

Nitric acid (HNO3) is an oxidizing agent, which is capable of oxidizing metals and metal 

oxides. The oxidation reactions between nitric acid and the metals in stainless steel forms 

Cr3+, Fe3+ and Ni2+ ions. Hydrofluoric acid on the other hand forms stable complexes with 

Cr3+ and Fe3+ ions. In addition to the oxidation reactions and formation of complexes, the 

metals react with HNO3 by forming HNO2 or dissolved NOx in the mixed acid solution. 

The main pickling reactions are very difficult to model, because the chemical equilibria 

and stoichiometry of the reactions are very complex. However, Craig and Brown (2002) 

have used the following reaction in the modelling: 

4Fe + 8HF + 4HNO3 → 6HNO2 + 4FeF2
+ + 4NO3

− + 6H2O (1) 

The pickling rate depends on the temperature of the pickling bath and the free HF 

concentration. Also the concentrations of dissolved iron and chromium have an effect on 
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the pickling rate. When talking about pickling process and chemistry of pickling, there is 

two terms that can cause confusion. The terms are total acid concentration and free acid 

concentration and they both have individual meaning. The total acid concentration means 

the acid concentration that exists in the mixed acid solution, when there has been no 

reactions with the metals yet. For example, in the spent pickling solution (SPS) the total 

HF concentration represents the concentration of all the fluorine in the solution. Hence, 

the total HF concentration includes the fluoride that has formed complexes with the 

metals (FeF2
+), fluoride in the undissociated HF molecules and the free fluoride ions. 

Instead, the free HF concentration includes only the fluoride in the undissociated HF 

molecules and the free fluoride ions. The free acid concentration represents the species 

that can still react with metals. So when looking for a good pickling rate, the important 

factors are the concentrations of free HF and free HNO3. (Craig and Brown 2002) 

In order to maintain a good pickling rate, concentrated HF and HNO3 can be added to the 

solution to ensure that the free acid level stays above the set limit. When the metal content 

is higher than 50-60 g/L in the solution, there is no other option than replacing the pickling 

bath. When there is metal 50-60 g/L in the solution, metals start to crystallize and it is not 

desired. For this reason, the metal content in the solution is tried to keep under 30-40 g/L. 

(Craig and Brown 2002) 

3.2 Pickling Solution Properties 

Pickling solutions have to be partly replaced every now and then, because the solution 

collects impurities from the pickled surfaces (Frias et al. 1997-2000). Pickling acid loses 

its pickling ability during the process, since it reacts with the pickled metals 

(ThyssenKrupp 2006). Therefore, the acidic solutions cannot be used anymore after the 

free acid concentration in solutions decreases by 75-85%. At the same time the metal 

content of the solutions increases and it can be even on the level of 150-250 g/L.        

(Regel-Rosocka 2010) Compositions of some real spent pickling solution are shown in 

Table 1.  
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Table 1. Compositions of spent pickling solutions (Regel-Rosocka 2010).  

 

Thereby the pickling efficiency of the acid solution decreases when the dissolved metal 

content increases in the bath. When solution contains more than 5% metals, the 

precipitation of metal-fluorides takes place. When this happens the pickling solutions in 

the baths have to be changed. Even until the year of 2010 an old disposal method, where 

spent pickling solution is neutralized with lime, NaOH or KOH, has been in use. In this 

method iron and zinc hydroxides are precipitated and after sedimentation the filtered 

waste is stored into landfill. The solution composition depends on the factory in question 

and the used pickling method. (Regel-Rosocka 2010) The waste sludge produced during 

neutralization is very toxic for the environment (Frias et al. 1997-2000). 

The composition of spent pickling solutions varies depending on the properties of the 

pickled surfaces. The main properties of the pickled surface are its composition and the 

thickness of the surface. The spent pickling solutions can be generally divided into two 

categories, solutions that come from mild steel pickling of hot-dip galvanizing plants and 

solutions that come from stainless steel pickling of rolling mills. The spent pickling 

solution from hot-dip galvanizing plants consists of hydrochloric acid, iron and zinc ions. 

The solution from stainless steel rolling mills consists of more harmful acids than the 

solution from the hot-dip galvanizing plants. Solution coming from stainless steel 

production contains a mixture of hydrofluoric and nitric acid or sulphuric acid and 

mixtures with varying composition. The sulphuric acid mixture can contain hydrofluoric 
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acid or hydrogen peroxide, iron, nickel and chromium and some other metal ions too. 

(Regel-Rosocka 2010) Nowadays in pickling of stainless steel mixtures of nitric acid and 

hydrofluoric acid have mainly replaced sulphuric acid (Kladnig 2008). The composition 

of a mixed acid spent pickling solution is shown in Table 2. In Table 3 the composition 

of sulphuric acid spent pickling solution is shown. 

Table 2. The average composition of mixed acid spent pickling solution. (Regel-Rosocka 

2010, Hermoso et al. 2005, Rögener et al. 2012). 

Compound Concentration (g/L) 

Free HNO3 

Total NO3
- 

Free HF 

Total F- 

Fe(ΙΙΙ) 

Cr(ΙΙΙ) 

Ni(ΙΙ) 

120-200 

150-180 

15-45 

60-80 

30-45 

5-15 

3-10 

 

Table 3. The average composition of sulphuric acid spent pickling solution (Regel-

Rosocka 2010). 

Compound Concentration (g/L) 

H2SO4                     92-150 

Fe 70-78  

                           

In addition to the stated components in Tables 2 and 3, there are also metal fluorides and 

nitrates in a spent pickling solution (Tanaka 2015). SPS contains also metal oxides as 

nitric acid oxidizes metals in pickling solution. Formed iron, chromium and nickel oxides 

are stabilized by formation of metal-fluoride complexes. Metal ions, Cr, Ni, Cd, Zn and 

Pb, are affiliated with iron salts. The high quantity of iron salts makes efficient recovery 

of the metals very difficult. Moreover, SPS usually contains also inhibitors, surfactants 

and stabilizers, which increase the complexity of the metal recovery. (Regel-Rosocka 

2010) 
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The recovery of SPS is an important issue both environmentally and economically. The 

methods to remove and reuse SPS efficiently are investigated and developed constantly. 

(Regel-Rosocka 2010) In Europe alone chromium and nickel are misplaced over 2500 

t/year and about 40 million €/year are lost because of it. Nowadays when it is important 

to use natural resources in a sustainable way and to try not to harm environment, SPS 

regeneration is very important. (Rögener et al. 2012) 
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4 REGENERATION METHODS FOR METAL RECOVERY 

Industrial applications and processes in this area are mainly focused on treating acids and 

recovering them whereas metals are categorized as waste. Usually the dissolved metals 

are converted to metal salts and take to the landfill as hazardous waste. (Hermoso et al. 

2005) Nevertheless, industries have been encouraged by the European community to find 

new methods, which would enable not only acid recovery from SPS but also the recovery 

of the metal salts. (Regel-Rosocka 2010)  

Handling the solid metal waste that stainless steel pickling process produces is a necessity 

because the waste is highly toxic and polluting. Feasible techniques for acid recovery and 

regeneration are already present but metal regeneration needs further development. For a 

long time, a traditional disposal method for metal waste from SPS has been the 

neutralization, where lime and potassium or sodium hydroxide is added to the waste 

solution and it is taken to the landfill. This process is of course better than leaving the 

dissolved metals untreated but it still produces large quantities of waste and even more 

importantly majority of the valuable materials are lost in the process. Thus, this problem 

is very interesting from both economic and environmental point of view, therefore some 

recovery processes have been proposed. For example, for the acid recovery there are 

processes like RECOFLO, which is based on acid retardation, TOKUYAMA SODA, 

which uses diffusion dialysis, FLUOREX is based on evaporation and acid retardation 

technology, OPAR (Outokumpu Pickling Acid Recovery) uses evaporation technology 

and AQUATECH utilizes electrohydrolysis. In addition, there are few processes that can 

also recover at least part of the metals along with the acids. The Kawasaki process uses 

extraction technique and is able to recover some of the metals. Pyromars is a more 

potential process, which utilizes pyrohydrolysis and is capable of recovering most of the 

metals. (Hermoso et al. 2005) 

4.1 Outokumpu Pickling Acid Recovery 

Outokumpu Ltd. in Tornio manufactures stainless steel. The company have developed 

their own process to recover pickling acid from the pickling process. In the process, 
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patented by Outokumpu is several different steps, which enables the re-use of the pickling 

acid. The steps are vacuum evaporation, absorption and condensation. In the regeneration 

process the metals will transfer to the H2SO4 solution. When the metal concentration 

reaches solubility limit, solid metal sulphate salts are formed. Then the metal sulphate 

salts can be removed from the solution. Other fraction, which includes HF, HNO3 and 

water, can be recycled back to annealing and pickling process. This regeneration process 

is called as OPAR. (YVA 2005)  

Before pumping into evaporators, the mixed acid used in the annealing and pickling 

processes is first pumped into an acid clarifier. Then the mixed acid overflows to a mixed 

acid tank to wait to be handled in the regeneration process. In the acid clarifier the heavy 

material settles on the bottom of the clarifier, from where it goes to neutralization. Now 

the mixed acid is pumped from the storage tank into a vacuum evaporators. In the same 

time the return acid, which includes 60% of H2SO4, is pumped also to the evaporators. 

The acids in the evaporators are heated with heat exchangers. There is vacuum in the 

evaporator to make evaporation more effective and to drive the steam towards absorption 

tower and condenser. When the temperature is high enough, the sulphuric acid releases 

the fluorides and nitrates, which are bonded with metals, as acids. Then these fluorides 

and nitrates evaporate together with free hydrofluoric acid and nitric acid. HNO3, HF and 

H2O evaporate in the evaporator and with the help of the vacuum in evaporators they go 

to absorption tower. The evaporated acid goes to the bottom of the adsorption tower, 

where most of the steam from the evaporator condenses. This formed liquid is called as 

the product acid. This product acid consists of HF, HNO3 and water and it overflows from 

absorption tower to the product acid tank. Some of the liquid product acid from the bottom 

of the absorption tower is pumped to the top of the absorption tower. From the top of the 

absorption tower the acid is sprayed downwards to condense the rest of the evaporated 

acid. The steam that does not condense in the absorption tower is sent to the condenser 

where the steam is condensed with cooled product acid. The liquid acid from the 

condenser is sent back to absorption tower to cool the liquid used in condensation. 

(Seppänen 2010) 

There is also a filtrate acid stream, which comes from pressure filters of the crystallization 

process. The Larox pressure filters are used to separate possible solid material from the 
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acid. The filtrate acid stream coming from the pressure filters is pumped into a product 

acid tank and mixed with the acid from evaporation process. The product acid is recycled 

back to the annealing and pickling processes. Metals form in the sulphuric acid solution 

metal sulphates and the solution is sent to a delay crystallizer. (Seppänen 2010) 

The overflow from the evaporators goes to the delay crystallizers. In the delay 

crystallizers, the dissolved metals are crystallized into solid form. To enhance the 

crystallization process, H2SO4 is fed into the delay crystallizers. The solution from the 

delay crystallizers is pumped into a concentrator, where the sulphate salt settles in the 

bottom of the concentrator. From the bottom of the concentrator, the sulphate salt is sent 

periodically to a pressure filter. (Seppänen 2010) 

As mentioned earlier, in the OPAR process sulphuric acid is added to decompose the 

metal fluoride complexes in the pickling solution. Sulphuric acid reacts with metal 

fluoride complexes and forms metal sulphates. The remaining mixed acid solution after 

metal sulphate crystallization and concentration containing HNO3 and HF is separated by 

evaporation and condensation. The condensate can be recycled back to the pickling 

process. In the OPAR process, the metal sulphates and the sulphuric acid cannot be 

recycled back to the process. The only solution has been to dispose them. The metal 

sulphates are neutralized with calcium hydroxide and slag. Subsequently the neutralized 

sludge is dumped to a landfill. (Outokumpu Oyj, 2012)  

4.2 Membrane Techniques to Recover Acid and Metals from SPS 

There are three membrane techniques that are used in stainless steel SPS regeneration. 

The three techniques are diffusion dialysis, electrodialysis with different membranes and 

membrane electrolysis. These techniques are used because they are relatively simple, 

effective and sustainable. These methods are also preferred because they do not need 

chemical additions, the equipment is relatively small and processes are easy to scale up. 

(Regel-Rosocka 2010) 

Electrodialysis is an electrochemical process, which separates positive and negative ions 

from an aqueous solution by membranes (European Commission 2007). Electrodialysis 
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enables effective recovery of acid from SPS and it works well also in wastewater 

purification. Moreover, this method maintains the concentration of the acids so high that 

they can be recycled back to the pickling process and the de-acidified water can be used 

as rinsing water in the pickling process. There have been some problems with undesired 

by-product formation, which can destroy the bipolar membranes. This method is still 

usable with some membranes in regeneration of waste streams from HNO3/HF solutions 

from stainless steel pickling. Nevertheless, membrane electrolysis is probably more 

promising than electrodialysis. However, this method also has problems with membrane 

corrosion and the stability of the anode. To prevent the corrosion of the membrane, 

fluoride resistant electrodes need to be used. (Regel-Rosocka 2010) An example of a 

flowsheet of electrodialysis process used in the recovery of mixed acid pickling solutions 

is presented in Fig. 8. 

 

Fig. 8. Process for recycling mixed acid (HF/HNO3) steel pickling solution using 

electrodialysis with bipolar membranes (Adapted from Pourcelly 2001). 

The process presented in Fig. 8 is used to recover HF and HNO3 acids from pickling bath 

that is generated in steel pickling process. During the neutralization the heavy metals are 

precipitated and they are filtrated in the next stage. In the electrodialysis bipolar 

membrane (EDBM) -stack the salts are separated so that KOH, which is used in 

neutralization, continues back to a neutralization tank and the mixed acid solution (HF 

and HNO3) goes back to the pickling bath. M(OH)α, which represents the metal 

hydroxides, can be collected as solid from filtration. (Pourcelly 2001) 
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An electrodialysis unit has been installed at the Outokumpu plant in Nyby. The unit was 

planned to decrease the discharge of nitrates by recycling nitric acid and hence reducing 

by 50% the fresh water and HNO3 consumptions. (Regel-Rosocka 2010) The 

electrodialysis unit has been installed in Nyby in January 2002. The electrodialysis unit 

had some problems in the starting phase of operation. It took two years to find the right 

materials for the membranes and electrodes and the right balance in the process. First the 

electrodes eroded very fast but after the system got stabilized, the electrodes needed to be 

changed only four times in a year. In Nyby the electrodialysis system reduced the 

discharge of nitrates by 55 %. Electrodialysis system enables the acid recycling, which 

reduced the need of chemicals used in neutralization step. The demanded amounts of 

hydrofluoric acid and lime were 23 % and 33% less, respectively, than before. Also 

energy consumption was reduced. After seeing the success of the process in Nyby the 

technique has raised international interest. (European Commission 2007) 

In addition, Rögener et al. (2012) have performed a study where they investigated the use 

of the membrane electrolysis for nickel recovery from spent pickling acids. In Fig. 9 the 

structure of a membrane electrolysis cell is shown. (Rögener et al. 2012) 

 

Fig. 9. A structure of a membrane electrolysis cell. Me is a metal, Men+ is a metal cation 

and A- is an anion of an acid (Adapted from Rögener et al. 2012). 
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The study of Rögener et al. (2012) showed that the decrease of nickel concentration in 

the catholyte is highest when there is no iron and chromium present in the solution. The 

study showed also that the elemental nickel precipitated well when there was chromium 

present but if there were iron present the precipitation was disturbed. Rögener et al. (2012) 

also found out that if there was a large concentration of dissolved iron in the solution it 

inhibited the electrodeposition of metallic nickel and stimulated the formation of a 

hydroxide/oxide layer instead. This is because assumingly iron is precipitated mostly as 

hydroxide. (Rögener et al. 2012) 

However, Rögener et al. (2012) proved that membrane electrolysis can be used to recover 

Fe, Cr and Ni from an industrial stainless steel spent pickling solution. However, the 

nickel content in the solution probably has to be at least 30% before nickel can be 

recovered from the solution. (Rögener et al. 2012) 

The Aquatech process applies similarly the bipolar membrane technology to separate 

spent pickling acids. The process is electrodialytic and there is both bipolar and 

monopolar membranes in compartment cells (Mani et al. 1988). In the process the heavy 

metals are first precipitated from the waste acid. The spent pickling acid is neutralized 

with a base, typically KOH, hence as a result also metal hydroxides precipitate. After the 

precipitation, the solution contains mainly soluble salts like KF and KNO3. (Mani et al. 

1988) Precipitation is followed by ultrafiltration and plate and frame filtration of the 

slurry, which ensures that the salt mixture, mainly KF and KNO3, is clear enough to be 

fed to the Aquatech stack. The cake formed by the metal hydroxides can be dried if 

necessary and recycled back to the steel melting process. The formed cake contains 

mainly Fe(OH)3, Cr(OH)3 and Ni(OH)2. The KF/KNO3 salt is regenerated in the 

Aquatech stack into the acid and base (KOH, KF and KNO3). The regenerated fresh acid 

is used in metal processing and base is used to neutralize the next batch of waste acid. 

Electrodialysis is used in this Aquatech process to clean the wash waters that are used in 

the filtration step. Electrodialysis is also used to concentrate the depleted salt from the 

Aquatech stack. (Byszewski & Mani 1989). 
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4.3 Pyrometallurgical Techniques to Recover Acid and Metals from SPS 

There are two pyrometallurgical processes that are widely used in industrial scale 

stainless steel plants in the world. These two processes are usually used to recover acid 

from the pickling process using HCl. In the Ruthner process, a fluidized bed evaporates 

hydrochloric acid and forms iron oxide granules at the temperature of 800°C. The other 

technique, spray roasting, is performed at the temperature of 450°C. Spray roasting can 

also be used to recover mixed acid, i.e. mixtures of HNO3 and HF, from a stainless steel 

pickling process. In the connection of mixed acid regeneration, it is called as the Pyromars 

process. The Pyromars process has been developed by Andritz Metals and it is based on 

the pyrolytic spray roasting technology (Andritz AG 2013). However, the method is not 

environmentally friendly because it produces harmful exhaust gases and it is very energy-

consuming. However, in large steel making factories, which produce large amount of 

stainless steel SPS, the process becomes profitable. In this kind of plants, the method is 

favorable and it is already commonly used. (Regel-Rosocka 2010)  

In the Pyromars process chromium and nickel are recovered as oxides and recycled back 

to stainless steel melting (Andritz AG 2013). The Pyromars process starts from the spent 

acid tank, where the SPS is pumped after pickling bath. The spent pickling liquor then 

goes to a pre-concentrator, where part of the acid evaporates and the rest goes to spray-

roasting reactor, where the acid evaporates again. The reactor operates at high 

temperature, about 400 °C, which enables metal fluorides and nitrates to break down into 

metal oxides. (Craig and Brown 2002) The valuable oxides containing nickel and 

chromium are recycled back to steel melting process (Andritz AG 2013). The process 

produces different gases, water vapor, HF, HNO3, NO, NO2 and combustion gases. In the 

absorption column the gases condensate and form regenerated acids. Hydrogen peroxide 

is added into the absorption column to convert easily decomposing nitrates, which form 

NO and NO2, back into HNO3. That way the recovery level of nitric acid stays high 

enough. The regenerated acid goes to a storage tank and from there back to the pickling 

bath. The absorber produces also off-gas that is pre-cleaned in the gas scrubber and from 

there off-gases go to catalytic reduction process where NOx -gases are reduced to nitrogen 

and water by using NH3 or CH4N2O. (Craig and Brown 2002)  
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The Pyromars process does not produce nitrates or sludge due to the fact that the SPS 

does not need to be neutralized. Nitrates from HNO3 are recovered as acid or reduced to 

nitrogen N2 with a selective catalytic reduction (SCR) process. In the Pyromars process 

nearly all the free and bound acids can be recovered as well as dissolved metals. Metals 

recovery can be up to 99%. A downside of the process is that, there are some impurities 

in the water used in rinsing of pickling line, so the waste water has to be treated in a 

separate waste water treatment plant. (Andritz 2016) 

4.4 Nanofiltration and Crystallization 

Crystallization can be used to separate water, acids and iron salts. Crystallization is based 

on solubility differences between the components. (Regel-Rosocka 2010) For example 

when H2SO4 is used in a pickling bath, its recovery from spent pickling liquor by 

crystallization is based on different solubilities of water, sulphuric acid and iron sulphate. 

Many times in the industry where H2SO4 is used in to pickle the steel, free sulphuric acid 

is recovered from spent pickling liquor by using the heptahydrate crystallization process 

which produces FeSO4·7H2O. These heptahydrates can be crystallized by indirect cooling 

crystallization, cyclone crystallization or vacuum crystallization. When using 

crystallization for the treatment of SPS, free acid does not need to be neutralized. 

Similarly, iron does not need neutralization because it is crystallized as heptahydrate. 

(Agrawal and Sahu 2009) 

Crystallization on its own is not considered as the best available technique, but in Sweden 

there are two plants where crystallization and nanofiltration have been combined to 

regenerate mixed acid pickling solutions. The process produces metal fluoride crystals. 

The produced salt can form metal oxides when it has been treated in a pyrometallurgical 

process. The process has been studied in a pilot plant and tests have shown that waste 

processing as well as chemical consumption can be reduced. Also the need for 

downstream water treatment can be reduced along with environmental impacts which 

landfilling would otherwise cause. The upside of the process is also that it is rather cost-

effective. (Regel-Rosocka 2010) In Fig. 10 a simple example of 

crystallization/precipitation process is presented. 
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Fig. 10. An example of crystallization/precipitation process (Adapted from Regel-

Rosocka 2010). 

Also Hermoso et al. (2005) have proposed a crystallization process, where iron and 

chromium are first separated from acids as fluorides by crystallization. At this point nickel 

remains dissolved in solution. At the second stage of the process concentrated KOH is 

used to hydrolyze iron and chromium solid fluorides. The reactions recover Fe(OH)3 and 

Cr(OH)3 as solids and release potassium fluoride to solution. Next Ni(OH)2 is precipitated 

by KOH from the liquid solution of the first stage. Final stage of the process is acid 

recovery. There is a couple of possibilities for acid recovery, e.g. ion exchange column 

and bipolar membrane electrolysis. (Hermoso et al. 2005) 

As a whole, the benefits of using crystallization are the remarkable improvement in the 

wastewater releases and reduction of the salt load. The drawbacks are the high energy 

demand of the crystallization, heavy metallic ions are difficult to remove from the waste 

acids and lack of an economical method for treating removed crystals. (Agrawal and Sahu 

2009) 

Sumitomo Metal Ind. Ltd. has patented a process where they use sodium hydrogen boride 

to recover nickel from an acid pickling solution. In the process the pH of nitric 

hydrofluoric acid SPS is adjusted first by adding calcium hydroxide into the liquid. The 
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pH is adjusted from 4.5 to 6.5 to precipitate fluorine and fluorides, which are then 

removed. Then sodium hydrogen boride is added to adjust the pH from 6.5 to 10.5 to 

precipitate nickel. The precipitated metallic nickel is removed by filtration and followed 

by dehydration. (Sumitomo Metal Ind Ltd 2000) 

4.5 Classical and Membrane Based Solvent Extraction 

Solvent extraction has been used for decades to remove iron from stainless steel pickling 

solutions. Solvent extraction based Kawasaki Steel Process was developed already in 

1980s. In this process ferric ions are extracted with DEHPA (di-(-2-

ethylhexyl)phosphonium acid) in paraffins and iron is stripped by NH4HF2 in the form of  

(NH4)3FeF6 crystals. Then the (NH4)3FeF6 crystals are heated and decomposed into iron 

oxide. After that HNO3 and HF are extracted with tributyl phosphate (TBP) in paraffins 

and the remaining acid mixture is stripped with water. Finally, ferrite-type compounds of 

Ni and Cr are formed from raffinate after HNO3/HF extraction. On the industrial scale 

the achieved recoveries are 95% for iron, 95% for HNO3 and 70% for HF. (Regel-

Rosocka 2010)  

In the Kawasaki steel process, nitric-hydrofluoric acid mixtures, nitric acid and 

hydrochloric acid can be recovered by using solvent extraction (Kawasaki Steel, 1986b). 

The process that has been developed for the recovery of different HF/HNO3 pickling acid 

solutions has four main steps. First iron is separated, which leads to iron oxide formation. 

In third step HF/HNO3 is recovered and the final stage is ferrite formation. (Kawasaki 

steel 1986a) Solvent extraction is used to remove Fe3+ from the acid waste solutions. Fe3+ 

is recovered either as an iron oxide or metallic iron. After that nitric acid and hydrofluoric 

acid are recovered with another solvent extraction process. Residual ions of Cr and Ni are 

converted into hydroxides by alkali addition and they are recovered as ferromagnetic 

oxides. (Kawasaki Steel 1986b) Already in 1986 the process was realized in a factory that 

recovers pickling acids. When the process was in its full operation, the percentage for 

iron extraction was at least 95 % and the recovery percentages for HNO3 and HF were 95 

% and 70 %, respectively. (Kawasaki steel 1986a) 
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Kawasaki Corporation has also another patented process for recovering metal and 

fluorine from hydrofluoric acid pickling solutions. In the process they add NaOH or KOH 

to raise the pH and to recover metal and fluorine from a pickling solution. Alkali is added 

as long as metals are precipitated as hydroxides. Then the precipitates are removed and 

CaCl2 or MgCl2 is added to the solutions to raise the pH up to 7 to precipitate fluorine as 

fluoride. (Kawasaki Steel 1999) 

4.6 Summary 

The advantages and disadvantages of different processes are described in the Table 4. 

Best available techniques, BATs, are the techniques and ways that should be used to 

protect the environment as much as possible but still within reasons of economy (Lesley 

2010). 
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Table 4. Advantages and disadvantages of different processes.  

 Advantages Disadvantages 

Membrane techniques 
 

- Relatively simple, effective and 

sustainable 

- Do not need chemical addition 

- Equipment are relatively small 

- Easy to scale up 

- Produce metal hydroxide sludge 

 

Diffusion dialysis 

 

- Energy saving - Not known 

 

Electrodialysis 

 

 

 

- Effect recovery of acid  

- Usable in wastewater purification 

 

- Un-desired by-product formation        

which can destroy membranes 

- Membrane corrosion 

- Stability of anode 

Membrane electrolysis 

 

 

 

- Can recover Fe, Cr and Ni from 

SPS 

 

- Demands high Ni content in SPS 

- The metal residues in SPS have to 

be precipitated 

- Adjustment of lime milk is needed 

Pyrometallurgical techniques 
 

 

 

- Can recover pickling acids - Production of exhaust gases 

- Energy-consuming 

- Favorable only in large factories 

 

Pyromars 
 

 

 

 

 

- Can be used for regenerate all 

typical waste acids from SPS 

- Easy to operate 

- Easy to modify 

- Continuous and stable process 

- Does not need any specific 

apparatuses or pumps or chemical 

- Does not need specific materials 

- Low maintenance costs 

- Not limited by metal content 

- Low emissions 

- Regenerates both acids and metals 

 

- Needs separate wastewater  

treatment plant and separate 

DeNOx process 

 

Crystallisation and nanofiltration 
 

 

 

- Separates water, iron salts and acid 

- Produces pure salt 

- No neutralisation of iron or acid 

- Reduced downstream water  

treatment 

- Cost-effective 

 

- Not considered as BAT 

 

Aquatech 
 

- Metals are precipitated as 

hydroxides 

- Both acid and base can be recycled 

back to process 

 

- Needs membranes 

- Needs chemicals, KOH 

 

Kawasaki process 

 

  

Solvent extraction 

 

 

- Can recover Fe, Cr and Ni 

 

 

- Produce gypsum 

- Need two stages 

- Ferrite formation 

 

NaOH precipitation 

 

 

- Simple 

- Metals are precipitated as 

hydroxides 

- Also fluorine is precipitated 

 

- Need chemicals 

 

Sumitomo Metal  
 

- Simple 

- Metals are precipitated as 

hydroxides 

 

- Needs filtration and dehydration 

- Needs chemicals 
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5 SEPARATION OF NICKEL, IRON AND CHROMIUM 

5.1 The Importance of Nickel Separation 

Nickel is the fifth most common element on earth. Even though it is a very common 

element it is very hard to reach and utilize because most of it is present deep in the core 

of the earth. (NTP 2014) While metallic nickel is silvery-white metallic element (Nickel 

institute 2016), nickel hydroxide exists in the form of either green crystals or black 

powder (NTP 2014). 

Nickel is used in many applications in industry, military and transport. It is also used in 

aerospace, marine and architectural applications. Nickel is used in over 300 000 different 

products. Nevertheless, the biggest use is in different nickel alloys and especially alloys 

with chromium, which are used to produce stainless and heat-resistant steels. 

Approximately 65% of the worlds produced nickel is used in stainless steel 

manufacturing. (Nickel institute 2016) Nickel compounds are used in various industrial 

and commercial applications like catalysts, batteries, pigments and ceramics. (NTP 2014) 

Nickel hydroxide is used not only in batteries but different kind of applications of fuel 

cells, electrosynthetic cells and electrochromic devices. (Song et al. 2002) 

Nickel hydroxide has raised interest because it can be used in rechargeable batteries as 

active material in the positive electrode. Nickel hydroxide is also a very common 

precursor of nickel oxide. Nickel hydroxide is however hard to handle, as its effectiveness 

and qualities depend on the size and morphology of the active material. Nickel hydroxide 

has two polymorphic forms. (Cabanas-Polo et al. 2010)  

5.2 Nickel Hydroxide Recovery by Selective Precipitation 

Hermoso et al. (2005) have studied a process, which enables recovery of nickel hydroxide 

from stainless steel pickling liquors. In the process they use potassium hydroxide (KOH) 

and potassium fluoride (KF) as precipitation agents. The aim of the process is to separate 

iron, chromium and nickel as hydroxides and most of all to maximize the recovery and 
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purity of nickel. The process has four steps. The first step is selective precipitation where 

iron and chromium are precipitated as metal fluorides by adding KOH and KF into the 

solution. Nickel stays still soluble and iron and chromium precipitates as K2FeF5 and 

CrF3. In the second step iron and chromium are hydrated into metal hydroxides by adding 

KOH into the solution. Next nickel is precipitated at the third step by adding KOH. Nickel 

precipitation step requires adding the free fluoride as it improves nickel precipitation and 

decrease nickel losses. The leftover liquid from nickel precipitation step goes to acid 

recovery where HF and HNO3 are recovered. (Hermoso et al. 2005) The process, designed 

by Hermoso et al. (2005), is shown in Fig. 11. 

 

 

Fig. 11. Flowsheet of the process for recovery of stainless steel pickling liquor (Adapted 

from Hermoso et al. 2005). 

5.3 Electrowinning of Nickel 

Half of the world´s nickel production is high-purity nickel that is produced by 

electrowinning or electrorefining. Lupi et al. (2006) studied electrowinning of nickel both 

in acidic and in alkaline conditions. Acidic conditions are beneficiary to performing 

electrowinning if the nickel content is high. However, if the nickel content is low, i.e. 

below 10 g/L, alkaline conditions should be applied. Hence, if the nickel content is low, 
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the pH has to be between 10 and 11. This way the evolution of hydrogen is prevented 

(Lupi et al. 2006) 

In the study of Lupi et al. (2006), they carried out electrowinning of nickel from 

electrolytes, which contained NiCl2 and/or NiSO4. The electrolytes used in the study of 

Lupi et al. (2006) had also a high concentrate of H3BO3. Nickel is reduced at the cathode 

and anode collects the sulphate or chlorine media. H3BO3 is added because otherwise the 

competing hydrogen reduction reaction causes twisting and cracking in the deposit. 

H3BO3 buffers the reaction and controls the pH. It also forms a weak complex with nickel. 

This nickel-borate complex, Ni(H2BO3)2, catalyses the nickel deposition reaction as it 

reduces the overpotential. (Lupi & Pasquali 2003)  

Yin and Lin (1994) have also studied the electrowinning of nickel. In their study they 

focused on how boric acid affects the reduction rate of iron and nickel. In their 

experiments they used iron, nickel and iron-nickel platings. They found out that in a 

pickling solution where only NiSO4 and Na2SO4 are present but not H3BO3, nickel is first 

deposited well and current density of nickel increases with the applied potential until the 

potential reaches 1.25 V. After reaching this maximum current density, the current density 

drops fast. This is due to the formation of Ni(OH)2. At higher potential values hydrogen 

evolution causes high interfacial pH and it results in Ni(OH)2 to precipitate on the surface 

of the electrode. Precipitation of Ni(OH)2 on the other hand passivates the electrode of 

nickel reduction. This problem can be avoided if H3BO3 is added to the solution. 

According to Yin and Lin (1994) the current density of nickel increases after adding 

H3BO4 in the solution with an extended applied potential. As said earlier H3BO3 also in 

this case buffers the solution by forming a nickel borate complex. (Yin & Lin 1994)   

5.4 Chemical Precipitation of Chromium 

In the chemical precipitation methods Cr3+ precipitates as Cr(OH)3, FeCr2O4 or 

FexCry(OH)3. Chromium precipitation increases while pH increases, because in higher pH 

there are more OH- -ions. (Hawley et al. 2004) Trivalent chromium can be removed as 

hydroxide by using for example NaOH, Na2CO3, NH4OH and Ca(OH)2. Precipitation of 

chromium with Ca(OH)2 is the cheapest option of these four chemicals and it has been 
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used for example to precipitate Cr(ІΙΙ) from spent tannery liquor (Karale et al. 2007) and 

from tannery wastewater (Ramakrishnaiah and Prathima 2012).  

Karale et al. (2007) removed Cr(ІΙΙ) from tannery liquor by chemical precipitation with 

good results. They found out that the precipitation of Cr(ІΙΙ) reached the highest 

efficiency when pH was between 9 and 12.5 by using Ca(OH)2, NaOH or a combination 

of these two. Karale et al. (2007) preferred to use Ca(OH)2 or the combination of Ca(OH)2 

and NaOH, because the chemicals gave better results than using NaOH alone. The study 

showed that using Ca(OH)2 alone the precipitation of trivalent chromium to chromium 

hydroxide at the pH of 9.5 was the most efficient. In addition, if the precipitation is 

performed by using only NaOH, it is not possible to have all the Cr(ІΙΙ) precipitated. Also 

when using NaOH, the redissolution of chromium starts at the pH of 12.5. In the case of 

using both NaOH and Ca(OH)2 the precipitation of trivalent chromium to Cr(OH)3 is 

better than using NaOH alone but less efficient than using only Ca(OH)2 (Karale et al. 

2007). 

Ramakrishnaiah and Prathima (2012) obtained similar results, but they used a 

combination of Ca(OH)2 and NaOH at the pH of 7. In both studies, Karale et al. (2007) 

and Ramakrishnaiah and Prathima (2012), the settling times were documented carefully. 

Karale et al. (2007) used settling times from 30 to 60 minutes and Ramakrishnaiah and 

Prathima (2012) used a settling time of 120 minutes. Karale et al. (2007) found out that 

in 45 minutes all the Cr(ІΙΙ) were settled. In addition Siivinen and Mahiout (1999) have 

observed that Cr3+ should start to precipitate at pH 5.5 and that its proper precipitation 

starts at pH 6.3, but Cr3+ starts to dissolve again if the pH reaches 9.2, when precipitation 

agent is NaOH, lime or sodium carbonate. 

5.5 Chemical Precipitation of Iron 

Chemical precipitation of iron is one way to remove it from wastewaters. In water Fe2+ 

can be oxidized into Fe3+ which enables it to precipitate as iron hydroxide. The pH of the 

water and redox potential determines in which form iron exist in the solution. From acid 

waters iron can be removed simply by adjusting the pH. When Fe2+ is oxidized into Fe3+   

Fe2O3 is then able to precipitate as Fe(OH)3 and it can be filtrated from water. (Lenntech 
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B.V. 2016) The oxidation reaction is highly dependent on the acidity of the water. The 

higher the pH value the faster the reaction is. For example, using lime the proper pH value 

of the water is 8-9, but precipitation can be performed also in lower pH if using other 

chemicals like Cl, KMnO4 or H2O2. (Ympäristöhallinto 2016) In neutral pH the 

dissolution of Fe(ΙΙΙ) is relatively poor. In that case Fe(ΙΙΙ) precipitates as amorphous 

hydroxide. The surface charge of the precipitated metal hydroxides depends on the pH 

and the surface charge has a big impact on the precipitation process. Usually iron is 

removed from waters by oxide precipitation or oxyhydroxide precipitation. The iron 

precipitate is gelatinous and metastable, which make the settling and filtration of the 

precipitate hard. (Kolehmainen 2013)  

Chang et al. (2009) have studied iron removal from the leach liquor of pre-reduced 

limonite laterite ore. Nickel-bearing ores primarily exists as laterites, which is an oxide 

form. Limonite rich lateritic ores have high contents of Fe2O3 and low contents of Mg, Al 

and other acid consuming elements. In the study of Chang et al. (2009) the iron was 

precipitated as goethite (FeO(OH)). The study showed that during the goethite 

precipitation the pH value has a huge impact on the nickel loss. The higher the pH was 

the more nickel was lost. In the study of Chang et al. (2009), they used a Vieille Montagne 

technique to precipitate iron as goethite. The Vieille Montagne technique means that iron 

in the solution is first reduced to the ferrous state and after that the solution is oxidized 

by air. The study showed that when the pH level was between 4.0 and 6.0 the amount of 

the iron that was left in the solution was at its minimum. If the pH was lower than 4.0, 

more iron was left in the solution, but if the pH was above 7.0, there was still considerably 

concentration of iron left in the solution and the precipitated iron was magnetic. (Chang 

et al. 2009) Chang et al. (2009) also found out that when the pH was above 3.0 the nickel 

loss was remarkably bigger than at a lower pH. Furthermore, Siivinen and Mahiout (1999) 

has observed that Fe3+ should start to precipitate at pH 2.8 and that its proper precipitation 

starts at pH 3.5, when precipitation agent is NaOH, lime or sodium carbonate. 
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EXPERIMENTAL PART 
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6 OWA REGENERATION PROCESS FOR SPS METAL 

RECOVERY  

The experimental part of this thesis focuses on the recovery of metals from the SPS from 

the steel factory of Outokumpu Ltd. in Tornio. The pickling acids of Outokumpu Ltd. are 

in the current process ejected from the process and recycled after regeneration back to the 

pickling. The used pickling acid undergoes several steps before the re-use. The OPAR-

process is described earlier in chapter 4.1. However, the metals are not recovered from 

the pickling solution. The metals are neutralized and dumped into a landfill. This is not 

efficient with respect to raw material usage and process economics. This thesis tries to 

find a technical solution to save those valuable materials and in that way to improve the 

process both from the economic and environmental perspectives. 

Oulu Water Alliance Ltd. (OWA) is a clean-tech company that finds solutions for various 

problems in the industry concerning for example formed wastes. OWA has been 

developing a regeneration process, which could enable full metal recovery from SPS used 

in mixed acid stainless steel pickling. In stainless steel production mixed acid is used in 

pickling process to remove the scale formed by metal oxides. SPS contains acids as 

HNO3, HF and sometimes also H2SO4. Furthermore, solution contains dissolved metals 

as sulphates, Fe2(SO4)3, Cr2(SO4)3 and NiSO4. There are probably also Fe2SO4 and 

Cr(SO4)3 present in the solution. Spent pickling acid regeneration is well known and 

investigated but full recovery and recycling of metals from SPS does not have a proper 

technology available. The metal recovery process of OWA has the potential of forming 

products and side products that can all be utilized. Besides the process of OWA would 

recover the metals it also should separate nickel from iron and chromium so that the more 

valuable nickel could be recycled back to the process separately. Furthermore, the OWA 

process should enable concentration and crystallization of Na2SO4 so that it could be 

recycled back to the process. Therefore, the regeneration process of OWA would not have 

any waste flow that could not be utilized.   

The process of OWA has not yet been piloted, but the design of the process is presented 

in the following chapters. The proposed OWA regeneration process uses as the feed the 

overflow of the pickling acid regeneration process of Outokumpu Ltd. The overflow 
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originates from the evaporation stage of the OPAR process. In the OPAR process the 

overflow, containing sulphates, goes to a delay crystallizer. The metals are present in the 

overflow as dissolved ions. Instead, in the OWA process, the overflow is sent to 

neutralization as shown in Fig. 12. 

 

Fig. 12. The main stages of the metal recovery process of OWA. The pH values of the 

precipitation stages are defined later in this work.  

The feed of the OWA regeneration process contains metal sulphates which are formed as 

a result of reactions happening during the evaporation of spent pickling solution 

(Seppänen 2011): 

(HF)aq   
H2SO4
⇔     HF,     (1) 

H+  +  NO3
−  
H2SO4
⇔    HNO3 ,      (2) 

2FeF2
+ + 2NO3

− +  3H2SO4  
 
⇔ Fe2(SO4)3 +4HF + 2HNO3 , (3) 

2CrF2
+ + 2NO3

− + 3H2SO4  
 
⇔ Cr2(SO4)3 + 4HF + 2HNO3 ,  (4) 

NiNO3
+ + NO3

− + H2SO4  
 
⇔ NiSO4 + 2HNO3 .   (5) 
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As can be seen, reactions (3), (4) and (5) have the main effect in the metal sulphate 

formation. As shown in Fig. 12, the feed, i.e. the metal containing sulphate slurry, is first 

mixed in the OWA regeneration process with water to dissolve the metal sulphates. The 

dilution of the feed is performed in a stirred tank, where also the subsequent neutralization 

would take place. The neutralization is done with NaOH, as shown in the reaction (6) 

below. Simultaneously iron and chromium should start to precipitate as hydroxides, 

according to the reactions (7) and (8).  

2NaOH + H2SO4 → Na2SO4 + 2H2O ,                        (6) 

2Fe3+ + 3SO4
2− + 6NaOH → 2Fe(OH)3 + 3Na2SO4 , (7) 

2Cr3+ + 3SO4
2− + 6NaOH → 2Cr(OH)3 + 3Na2SO4 .  (8) 

Iron and chromium hydroxides are settled in a settling tank and the overflow goes to 

nickel separation. Subsequently, nickel is precipitated by raising the pH above neutral 

with NaOH:  

Ni2+ + SO4
2− + 2NaOH → Ni(OH)2 +Na2SO4 .   (9) 

Precipitation of Fe, Cr and Ni is taking place in settling tanks. The precipitates are taking 

out as underflow and the overflow is the feed of the next stage. When the metals are 

recovered from the solution they are filtrated and recycled back to steel manufacturing 

process. Remaining Na2SO4 solution is concentrated and crystallized with Epcon 

evaporation system.  

The plan is that the precipitates could be dried with a pressure filter if necessary as well 

as the concentrated Na2SO4, if there is moisture left after evaporation. The crystallized 

Na2SO4 is considered to be used again in the process or it could be sold to be used in other 

industries and applications.  

Epcon Evaporation Technology AS sells an evaporation system, which is based on 

Mechanical Vapor Recompression -technology, also known as MVR-technology. It 

means that the vapor is compressed in a fan or a compressor to a higher temperature and 
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pressure. Usually evaporators use boiler steam as an energy source but in the Epcon MVR 

evaporators the compressed vapor is used as energy source. Because of the MVR-

technology, the Epcon evaporator system uses much less energy than conventional 

evaporators. In addition, it is also cheaper and has compact size. (Epcon 2016) The Epcon 

evaporator is demonstrated in Fig. 13. 

 

Fig. 13. Epcon MVR evaporator (Adapted from Epcon 2016). 

The temperature of the vapour, or temperature of the evaporator and temperature rise, are 

always selected individually based on the liquid properties. This kind of Epcon MVR 

evaporator uses only 8-40 kWh per ton evaporated water. (Epcon 2016) OWA has a pilot 

size Epcon evaporator, which can be used in smaller applications and in experimental use, 

for example to study the evaporation of SPS in the OWA regeneration process.   

1. The liquid evaporates. 

2. The 

vapour 

goes to 

MVR fan. 

3. The MVR fan 

compresses the 

vapour to higher 

pressure and 

temperature. 

4. As the compressed hot 

vapour is heat exchanged with 

the evaporating liquid, it 

condenses into a clean 

condensate. 
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7 METAL PRECIPITATION EXPERIMENTS 

The main objectives of the laboratory experiments in this study were 

1) to find out the optimum pH values where the metals present in the OWA 

regeneration process feed will precipitate in the right order and with a satisfactory 

purity 

2) to discover if it is possible to precipitate nickel separately from iron and 

chromium.  

3) to find out, if the formed Na2SO4 can be crystallized.  

The success of the precipitation and crystallization stages were followed by measuring 

iron, chromium, nickel, sulphur and sodium concentrations in the solution.  

7.1 Materials and Methods 

The feed used in the experiments was originally acquired from the overflow of the 

pickling acid regeneration process of Outokumpu Ltd. The feed has high viscosity and it 

is paste like H2SO4 slurry containing dissolved metals such as iron, chromium and nickel 

as well as metal sulphate salts. The actual composition of the sampled feed was not 

measured, but the composition of the feed and the metal salt mixture of the feed can be 

assumed to be close to the values given by Seppänen (2011). In the study of Seppänen 

(2011) most of the feed, 67.25 mass-%, was H2SO4 and its concentration was 1183 g/L. 

The second abundant component was a metalsulphate salt, which includes 31.27 mass-% 

of the feed and its concentration is 550 g/L. The feed contains also dissolved Cr, Ni and 

Fe which includes 0.91, 0.4 and 0.17 mass-% of the feed respectively. The corresponding 

concentrations of Cr, Ni and Fe were 16, 7 and 3 g/L respectively. The estimated 

composition of the metal sulphate salts of the feed based on the calculations from the 

calcination process from Seppänen (2011) are shown in Table 5.  
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In the study of Seppänen (2011) the samples and measurements are from the overflow of 

the evaporation process, which is the same as the feed of OWA process. In the study of 

Seppänen (2011) the measurements are average values of six samples, which were taken 

in 2008.  

Table 5. Estimated composition of the metal sulphate salts of the feed based on the 

calculations from the calcination process (Seppänen 2011). 

  

Component 

Concentration 

[mass-%] 

H2SO4 committed 5.5 

H2SO4 free 34.4 

H2O committed 2 

H2O free 3.3 

HNO3 free 0.2 

Fe2(SO4)3 22.5 

FeSO4*H2O 19 

FeF3 0.04 

NiSO4*H2O 5.3 

Cr2(SO4)3 6.8 

MoO3*H2O 0.14 

Other 0.82 

 

7.1.1 Precipitation Experiments 

First, a certain amount of almost solid, paste like, feed was measured and mixed with 

water. The amount of the feed varied between 40-175 g. Milli-Q water was added so that 

the total volume of the sample was 800 ml. Flocculator was used to mix the solutions at 

every stage of the experiment (Fig. 14). Mixing was performed in two stages so that first 

the mixing speed was 750 rpm for few minutes to ensure the feed was well mixed with 

the water. After the precipitation had started the mixing speed was decreased to be 100 

rpm and the mixing time varied from 30 min to 48 h. The variation in the mixing time 

was caused by partially on purpose, but also by the rhythm of workdays and strict 

deadlines.  
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a)  b) 

Fig 14. a) Flocculator and b) its operation board used in the experiments.  

 

When the feed was dissolved, pH was adjusted using NaOH, to the desired value to 

precipitate iron and chromium. The pH value varied in the 1st precipitation stage from 5.0 

to 7.4. An example of the appearance of the slurry during the dissolving stage is shown 

in Fig. 15. 
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Fig. 15. Stirring and dissolving the feed.  

 

After the 1st precipitate had settled (Fig. 16), the overflow was taken to the 2nd 

precipitation stage (Fig. 17) and the precipitate was placed into a centrifuge. The 

centrifuge was Thermo Scientific Hareus Megafuge 40. The precipitates were centrifuged 

for 10 min and the speed was 3600 rpm. After centrifugation the precipitates were dried 

in the Pol-Eko Aparatura -oven at the temperature of 105˚C. The samples were kept in 

the oven at least 24 hours to evaporate residual moisture. The overflow from the first 

precipitation stage was taken to the 2nd stage i.e. the nickel precipitation stage. NaOH was 

used to adjust the pH to the required value where nickel should precipitate. The pH value 

of the nickel precipitation stage varied between 10.9 and 11.9. In some experiments 

(samples 7-10, table 8) 1 ppm of anionic Kemira Fennopol A 305 flocculant was added 

to enhance the precipitation. Flocculants reacted for 10 minutes during the slow stirring 

in both 1st and 2nd precipitation stages.  
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Fig. 16. The settled metal precipitate in the 1st precipitation stage. The pH value of the 

sample was 5.0 and the mass of the feed was 43.4 g.  

 

Fig. 17. The settled nickel precipitate in the 2nd precipitation stage. The pH value of the 

sample was 11.0 and the mass of the feed was 86 g. 

After performing both precipitation stages, the overflow was taken to the sodium salt 

crystallization and the 2nd precipitate centrifuged and dried after the precipitation. The 

centrifugation and drying conditions were same as earlier stated. The dried precipitates 

were taken into XRF or ICP-OES analysis. The crystallization of the sodium salt was 
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done by evaporating almost all the water with a hot plate. After evaporation, the 

crystallized salt was dried in the oven. In Fig. 18 the stages of crystallization of the sodium 

salt are presented.  

 

a)                                                b)                                                  c)  

Fig. 18. a) Sodium liquid after 2nd precipitation, b) after evaporation and c) dried sodium 

salt.  

 

7.1.2 Analytical Methods 

The elemental composition of the precipitates and the sodium salt crystallite shown in 

Fig. 18 and/or the sodium salt solution were analyzed with XRF and ICP-OES. Almost 

all the samples or at least one sample of each duplicate test were analyzed. Analyses were 

made actually with three different methods, as two different kinds of ICP-OES methods 

were applied. 

ICP-OES (Inductively Coupled Plasma Optical Emission Spectroscopy) uses the 

emission spectra of a sample to analyze, which elements are present in the sample and in 

which quantity (Lucideon Limited 2016). This method was chosen because it can analyze 

multiple elements and it can analyze both solid sample after dissolving material and liquid 

samples. It is also cheaper than XRF analysis. ICP-OES analyzes were made by two 
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different subcontractors and the pretreatment of samples was slightly different. The solid 

samples were first dissolved into aqua regia in both ICP-OES methods. Aqua regia, or 

royal water, has a chemical formula HNO3 + 3 HCl, so it is a mixture of nitric acid and 

hydrochloric acid and its optimal molar ratio is 1:3 (Encyclopædia Britannica, inc. 2016). 

After that in non-standardized ICP-OES method, 100 mg of the sample was dissolved in 

acids while heating the solution with hot plate while in standardized ICP-OES a 

microwave treatment was used instead of hot plate. Then the samples were diluted into 2 

% HNO3 for the measurement. The microwave treatment enhances the dissolution and 

this difference between the ICP-OES analyses procedure may have effect on the analysis 

results.  

All elements emit characteristic fluorescent X-rays and thus XRF (X Ray Fluorescence) 

method can be used to analyze material composition. It is both quantitative and qualitative 

analyzing method. (Thermo Fisher Scientific Inc. 2015) This analysis method was chosen 

in order to find out if the results are in the same size range as ICP-OES analyzes. The 

XRF equipment used was a portable XRF, which is capable of analyzing a fine-grained 

sample and hence there is no need for pelletizing the sample. The portable XRF was X-

MET 7500 and it was manufactured by Oxford Instruments. 

In this study the tests are numbered so that the first number is the serial number of the test 

and the first digit is the serial number of the precipitation stage. In Table 6 is presented, 

which of the samples are measured with non-standardized ICP-OES, with standardized 

ICP-OES and with portable XRF.  
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Table 6. The analysis method of the different samples. 

Sample Analysis method 

1st precipitation  2nd precipitation  Standardized 

ICP-OES 

Non-

standardized 

ICP-OES 

XRF 

1.1 1.2  x  

2.1 2.2  x  

3.1 3.2  x  

4.1 4.2  x  

5.1 5.2 x   

6.1 6.2 x   

7.1 7.2   x 

8.1 8.2   x 

9.1 9.2   x 

10.1 10.2   x 

11.1 11.2   x 

12.1 12.2   x 

 5.2 liquid x   

 6.2 liquid x   

 

The metal yields are calculated in this study by considering only the metal contents in the 

first and second precipitate. The metal amounts remaining in the solution are considered 

low and are not considered in the calculations. For example the yields in 1st precipitation 

stage were calculated by formula: 

(𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 1𝑠𝑡 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛)

(∑𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 1𝑠𝑡 𝑎𝑛𝑑 2𝑛𝑑𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛)
∙ 100  (10). 
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7.2 The Main Variables in the Experiments 

7.2.1 Mass of the Feed 

During the experiments three different amounts of the feed were used. The amounts of 

the feed were roughly 43 g, 86 g and 174 g dissolved in 800 ml of water. These series 

were decided to be studied by assuming them to be realistic. In the case where the mass 

of the feed was 43 g the concentration of the samples was about 5 % and the pH value 

before NaOH addition was 0.6-1.0. When the mass of the feed was 86 g the concentration 

of the sample was about 11% and the pH was 0.4-0.8. In the samples where the mass of 

the feed was 174 g the concentration was about 22 % and the pH was 0.3. In Tables 7 and 

8 the main variables of the samples are presented.  

Table 7. The main variables of the samples 1.1-12.1 in the first precipitation stage. 

 

Sample 

                            

pH at the beginning 

 

pH after adjustment 

Mass of the feed 

[g] 

1.1 

2.1 

3.1 

4.1 

0.8 

0.7 

0.3 

0.3 

5.2 

5.0 

7.4 

6.2 

86.1 

81.7 

174.1 

175.4 

5.1 

6.1 

0.9 

0.3 

5.4 

6.4 

43.4 

86.8 

7.1 

8.1 

9.1. 

10.1 

11.1 

12.1 

0.7 

0.7 

0.7 

0.7 

0.4 

0.4 

5.0 

5.1 

5.0 

5.0 

5.0 

5.1 

43.4 

43.4 

43.4 

43.4 

86.8 

86.8 

 

As can be seen in Table 7, the pH level of the samples used as the feed in the first 

precipitation stage varies considerably. In addition, three different levels of the mass of 

the feed were applied. 
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The pH level of the solution before NaOH addition depends on the mass of the feed, the 

bigger the amount of the feed the lower the pH at the beginning. The pH level was 

measured during the slow stirring concurrently with the pH adjustment.   

Table 8. The main variables of the samples 1.2-12.2 in the second precipitation stage. 

 

Sample 

 

pH  

1.2 

2.2 

3.2 

4.2 

5.2 

6.2 

11.1 

11.6 

11.9 

11.0 

11.7 

11.5 

7.2 

8.2 

9.2 

10.2 

11.2 

12.2 

11.0 

10.9 

11.0 

11.0 

11.0 

11.0 

 

As can be seen from Table 8, the pH values of the samples varied to some extent. All of 

the measured pH levels are near 11, because the target level was 11 for the reason that 

nickel precipitation should be effective at these pH levels. 

7.2.2 Significance of the pH Levels 

The goal of the study was to find the optimum pH values for Cr, Fe and Ni precipitation 

and to find the optimum pH values for 1st and for 2nd precipitation stages. The target for 

the first precipitation stage is to select the pH value such a way that the precipitate 

contains only iron and chromium, while nickel remains solved. Then at the 2nd 

precipitation stage nickel should precipitate entirely while Na2SO4 remains soluble. 
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Furthermore, especially the second precipitation stage pH should not be excessively high 

because it is not preferable to overdose NaOH.  

In the study the pH levels were chosen after literature review. The plan was adjusted after 

receiving new results. 

7.3 Results 

The experiments were mainly carried out successfully. However, the precipitate yields 

varied significantly and the yields were dependent on the sample volumes or on the 

amount of the feed. When the feed amount was about 86 grams, the tests were carried out 

successfully and the analysis results were promising. In addition, the amounts of 43 grams 

and 174 grams of the feed were tested. The results are presented separately for each 

precipitation stage. 

7.3.1 First Precipitation Stage  

The main variables of the samples 1.1-12.1 in the first precipitation stage are shown in 

Table 8. In Figs. 19 and 20 the yields for iron, chromium and nickel from the first 

precipitation stage of the samples 1.1-12.1 are shown. In the Fig. 19 are the samples 1.1, 

2.1, 6.1, 11.1 and 12.1. In the Fig. 20 the feed amount is 86 g.  
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Fig. 19. The yields of the Fe, Cr and Ni in the first precipitation and the variation of the 

pH in the samples. The feed amount was about 86 grams. 

 

In Fig. 19 is shown how metals are precipitated in the first precipitation in some of the 

samples. The goal was to get most of the iron and chromium to precipitate and nickel 

should not precipitate at all at this stage. It can be seen in Fig. 19 that when the pH level 

was 6.4, the iron and chromium precipitated very well. However, the nickel content of 

the precipitate was quite high when the pH level was 6.4. At pH ~ 5 the iron content was 

high in the precipitate and both chromium and nickel content were lower than in the 

samples with higher pH level. In Fig. 20 are shown samples with lower and higher feed 

amount from the first precipitation stage and also the sample 11.1 is shown as a 

comparison, in which the feed amount was 86.8 g. 
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Fig. 20. The yields of the Fe, Cr and Ni in the first precipitation and the variation of the 

pH in the samples for different feed amounts. 

 

Fig. 20 shows that the feed amount did not affect as much to the yield as the pH level. In 

Fig. 20 is shown the same effect as in Fig. 19 that when the pH level increases both the 

chromium and nickel content in the precipitates increased. Based on Figs. 19 and 20 it 

can be concluded that selective precipitation of chromium without precipitating nickel 

simultaneously is not possible in the investigated conditions. Based on the results, the 

precipitation of iron is easy but in order to precipitate chromium, the pH has to be higher 

and also nickel will start to precipitate. 

 

The precipitation pH levels of iron and chromium were quite similar as was expected after 

literature review. However, the pH level during the nickel precipitation was little lower 

than expected. It was difficult to predict this because there were no studies in the 

literature, where these three metals would have been tried to separate by chemical 

precipitation.   
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7.3.2 Second Precipitation Stage 

The main variables of the samples 1.2-12.2 are presented earlier in Table8. In the Figs. 

21 and 22 are shown the results for iron, chromium and nickel from the second 

precipitation stage. In Fig. 21 are shown the samples 1.2, 2.2, 6.2, 11.2 and 12.2, which 

were precipitated from the liquid left after the first precipitation of the samples in Fig. 19. 

 

 

Fig. 21 The yields of Fe, Cr and Ni in the second precipitation stage and the variation of 

the pH. The samples were precipitated from the liquid left after the first precipitation of 

the samples in Fig. 19. 

It should be remembered that the first precipitation had a major effect on the second 
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were precipitated in the first precipitation stage, which meant that the precipitated nickel 

was quite pure in the second stage. On the other hand, significant amount of nickel was 

already precipitated in the first precipitation stage. 

In Fig. 22 are shown the samples 3.2-5.2 and 7.2-10.2, which were precipitated from the 

liquid left after the first precipitation of the samples in Fig. 20. There is also the sample 

11.2 as comparison to the possible effect of the concentration of the samples in the first 

precipitation.  

 

 

Fig. 22 The yields of Fe, Cr and Ni in the second precipitation stage and the variation of 

the pH. The samples were precipitated from the liquid left after the first precipitation of 

the samples in Fig. 20. 

In Fig. 22 can be seen how big effect the first precipitation stage has on the second 

precipitation stage. The precipitation of the sample 3.2 is a great example of that because 
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almost all the metals precipitated in the first stage, and thus there were not much metals 

to precipitate in this second stage. 

It can be concluded from the Figs. 19-22 that if the nickel did not precipitate at the first 

stage it did precipitate at the second stage as well as other metals. So there is hardly any 

measured metal that did not precipitate at all. Figs. 21 and 22 also shows that increasing 

the pH above 11 is not necessary, because it does not increase the yield of the nickel. The 

study also revealed that if the 2nd precipitation stage precipitate is very pure in nickel, the 

1st precipitation stage precipitate purity with respect to iron and chromium is low. This is 

due to the fact that chromium requires higher pH than iron in order to precipitate totally, 

and at that pH nickel starts already to precipitate, even though the optimum pH is much 

higher.  

7.3.3 Na2SO4 Precipitation 

The liquid after second precipitation stage was analyzed for two samples. The results are 

shown in Table 9.  

Table 9. The composition of the liquid left after second precipitation analyzed with 

standardized ICP-OES. 

Sample Fe [%] Cr [%] Ni [%] S [%] Na [%] B [%] K [%] 

5.2 

6.2 

0.000 

0.000 

0.001 

0.000 

0.002 

0.000 

37.78 

36.94 

62.17 

62.99 

0.01 

0.01 

0.04 

0.06 

 

Table 9 shows that the liquid left after metal precipitations contains mainly sodium and 

sulphur as was expected. These analyses shows that all the targeted product metals, i.e. 

Fe, Cr and Ni are precipitated either in the first precipitation or in the second precipitation.  

7.3.4 Impurities in the Precipitates 

The most remarkable impurities in the precipitates were sulphur and sodium. Sulphur and 

sodium content were analyzed with ICP-OES and XRF. In Figs. 23 and 25 calculated 

percentages for Fe, Cr, Ni, S and Na in the precipitates are presented. Na content was 
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only analyzed for the samples 1.1-6.1 because ICP-OES was used and the other samples 

were analyzed with portable XRF, which does not give Na content.  

 

Fig. 23. Elemental composition of precipitates from the first precipitation. 

Fig. 23 shows that almost all precipitates from the first precipitation stage contained 

higher amount undesired sulphur and sodium instead of iron and chromium.  
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Fig. 24. Elemental composition of precipitates from the second precipitation stage. 

From Fig. 24 it can be seen that practically all precipitates from the second precipitation 

stage contained more sulphur and sodium than nickel. Also the presence of chromium in 

this second precipitate can be counted as impurity.  
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Because of these three different methods, comparison of the results was difficult. 

However, this study and the results gave a good baseline and showed in which aspects 

the further studies should focus on.  

There were also some other reliability aspects during the study that may have affected the 

results. First of all, the moisture content of the analyzed samples varied. The samples 

were dried in the oven but the drying time varied. In some cases, the samples were taken 

earlier from the oven to speed up their analysis. So also the moisture content was not 
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exactly the same in every sample. This could have effect on the analysis results that were 

made with ICP-OES, because it does not consider the moisture content of the sample. 

Another reliability aspect is that the pH level measurement was not as precise as it should 

have been. The technique of taking the measurement was not consistent. For example, the 

pH level was not always stabilized entirely. The stirring time is also one thing that may 

have effect on the results, because it varied considerably from experiment to experiment. 

In addition, the feed was divided into several different canisters, so there is no certainty 

that all the batches had the same composition. Also, there is no information about how 

the feed samples were taken in the steel factory and how representative samples were.  

Flocculants were used to aid the precipitation. The flocculants clearly accelerated the 

settling of the precipitate, but it would need further study to find out if they had some 

effect to the analysis results. It could also be possible that the form of precipitated iron is 

changed during the drying in the oven, but in this study the form of iron was not examined.  

Since three different analysis methods were used, also the results were given with three 

different units. Because of that, the results were converted into percentages to make the 

comparison possible. After the units were converted, there were no visible differences 

between the different methods and the analysis gave good indications, which will help in 

further studies. XRF and ICP-OES analyses gave a good information about the 

composition of the precipitates. Nevertheless, X-ray diffraction (XRD) analysis could 

have given additionally information of the precipitates and the tests. XRD analyses would 

possibly reveal the structure of compounds if crystalline products. It would also be 

interesting to examine the precipitates with Scanning Electron Microscope, SEM. It 

would show the morphology of the precipitate.  

7.5 Recommendations for Future Studies 

For future work it is recommended to find the proper analysis methods and then analyze 

all the samples and feed materials with the same methods. Also the resources for the study 

should be good enough to enable performing systematic work with the samples and 

analysis. For systematic work, there should be a clear plan of which variables will be 

changed in the samples. All samples should have only one variable to see reliably how 
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the variable affects the composition of the precipitate. In further studies, it would be good 

to keep constant all the factors, which the experiments are not focused on. For example, 

the stirring times and drying times are easy and important to keep constant, as well as the 

pH adjustment. These factors are possible to keep the same in all experiments. Likewise, 

it would be good to confirm that the feed sample is representative and homogeneous. 

It is as well recommended to make mineralogical studies for the precipitate to see in which 

form metals have precipitated. For further study the threshold limit values of impurities 

in the precipitate should also be clarified to help the optimization of the process. It could 

also be good to consider electrowinning method as an alternative technique if the 

precipitation is not a working method to separate nickel as pure as is needed to. It would 

as well be good to investigate how the flocculants effect on the properties of the 

precipitate. Also it would be good to explore if the flocculants cause some limitations in 

the further use of the precipitates.  
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8 CONCLUSIONS 

This thesis was done to find a solution to recycling regeneration sludge. On the major 

driving force for this study was to avoid wasting valuable natural resources and to avoid 

corrosive and polluting compounds getting into environment. This thesis revealed a good 

information for the future studies that considers about chemical precipitation of 

regeneration sludge. The study showed, which aspects are important to pay attention to 

and what can be the problems in two stage chemical precipitation.  

The results confirmed that chemical precipitation is a decent method to precipitate metals 

from regeneration sludge. All the targeted product metals, i.e. Fe, Cr and Ni, can be 

precipitated with high yields. In addition, iron can be precipitated selectively with respect 

to Cr and Ni. However, selective separation of nickel and chromium as pure precipitates 

turned out to be quite difficult, because the pH values for their precipitation overlaps to 

some extent. Nevertheless, the obtained purities of precipitates in this study can be 

satisfactory depending on their further usage in certain applications. The study also 

proved that the Na2SO4 can be crystallized as a nearly pure precipitate, i.e. after the 

targeted product metals have been precipitated.  

As stated earlier in the results, if the purities of the first stage precipitates containing iron 

and chromium decreased, the purity of the second stage precipitate containing nickel 

increased. Thus, a part of the nickel was precipitated already in the first stage. However, 

since the nickel is the most valuable metal of these three it should not be wasted to the 

first precipitate. At the same time the nickel precipitate in the second stage should be as 

pure as possible to increase the value of the precipitate. As a whole it can be concluded 

that the separation of these three metals with a two stage chemical precipitation needs 

fine tuning. The upsides and downsides of the precipitation conditions and resulting 

precipitate properties should be considered to reflect the further use of the precipitates 

and know the limits for contaminants.  

It was observed that all the targeted product metals were successfully precipitated during 

the two precipitation stages. However, both 1st and 2nd precipitate had some impurities, 

mainly sulphur and sodium. The reason for the presence of primarily sulphur and sodium 
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instead of Fe, Cr and Ni in the precipitates is not known based on the available 

information. This can cause problems in the further processing of the metal precipitates 

which should be taken into account before usage in the applications.  
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