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Abstract 

During the production of steel, an oxide scale is formed on the surface and to achieve an 

adequate quality of the surface the scale needs to be removed. Acid pickling is a surface 

treatment where the oxide scale is removed by acid. Over time the amount of dissolved metals 

in the acid solution increases leading to a decrease in the pickling efficiency, hence the acid 

solution needs to be renewed. 

The renewing can be performed by an operation process called acid retardation. In this 

process, the spent pickling solution passes through a column packed with an ion exchange 

material, resin. The absorption of strong acids is preferred by the resin, hence the movement 

of the acids in the resin bed will be retarded relative to the movement of the metal ions. 

Regeneration of the resin occurs when water is passing through the resin bed counter current 

to the flow of the spent pickling solution. This generates a by-product with low acid and high 

metal content, and a product containing high acid and low metal. 

The aim of this thesis was to investigate the acid retardation with regards to separation 

efficiency and the behaviour of acid and metal in the column. The results can further be used 

as the groundwork for a deeper understanding of the acid retardation and how to optimize the 

process. Experiments were performed in lab-scale columns with synthetic spent pickling 

solutions containing sulfuric, nitric and hydrofluoric acid and iron in different mixtures. 

During the experimental work, variation of the acid and metal concentration, the type of resin 

and the height of the column were performed. 

The results from the experimental work show that a concentration dependence between the 

concentration of acid and metal exists and the performance of different resin types varies 

depending on the acid and metal solution tested. The height might also affect the separation, 

but it is recommended that this is further investigated. Other recommendations for further 

work with a focus on understanding the acid retardation for optimization include variations of 

the volume of solution added to the column, variation in flow rate and slurry packing of the 

resin.  



 

 

Sammanfattning 

Vid ståltillverkning bildas ett oxidskikt på ytan och för att öka kvaliteten på ytan behöver 

ytskiktet tas bort och behandlas därför med syrabetning. Över tid kommer mängden upplösta 

metaller i syralösningen att öka, vilket leder till en minskning av betningseffektiviteten och 

därför behöver betsyralösningen förnyas. Förnyelsen kan ske genom en operationsprocess, 

syraretardation. I denna process passerar använd betsyra genom en kolonn packad med 

jonbytes materiel, resin. Resinet föredrar att absorbera starka syror, vilket gör att rörelsen av 

syror i resinet kommer att fördröjdas i relation till rörelsen av metalljoner. Regeneration av 

resinet sker när vatten passerar genom kolonnen motströms till flöde av betsyra. Detta ger en 

bi-produkt med låg syrahalt och högt metallinnehåll, och en produkt innehållande hög syrahalt 

och lågt metallinnehåll. 

Detta projekt syftade till att undersöka syraretardationen med avseende på 

separationseffektivitet och beteendet av syra och metall i kolonnen. Resultaten kan vidare 

användas som förarbete för att djupare förstå syraretardationen och hur processen kan 

optimeras. Experiment utfördes i kolonner i labbskala med syntetisk betsyra bestående av 

svavelsyra, salpetersyra, fluorvätesyra och järn i olika kombinationer. Under försöken 

varierades koncentrationerna av syra och metall, typen av resin samt höjden på kolonnen. 

Resultaten från det experimentella arbetet visar att ett koncentrationsberoende mellan 

koncentrationen av syra och metall existerar och att prestandan för olika resin typer varierar 

beroende på vilken syra och metallösning som användes. Höjden på kolonnen kan också 

påverka separationen, men denna påverkan bör undersökas ytterligare. Ytterligare studier med 

fokus på att förstå syraretardationen för optimering, inkluderar variationer av den volym 

lösning som tillsätts i kolonnen, variationer i flödeshastigheten samt slurrypackning av resinet 

rekommenderas. 

  



 

 

Nomenclature 

Abbreviations Full notation 

BV  Bed volume 

DVB  Divinylbenzene 

DWC  Dry weight capacity 

IE  Ion exchange 

IEC  Ion exchange capacity 

IEM  Ion exchange materials 

IER  Synthetic organic ion exchange resins 

SAC  Strong acid cation exchange resins 

SBA  Strong base anion exchange resins 

SPS  Spent pickling solution 

UC  Uniform coefficient 

WAC  Weak acid cation exchange resins 

WBA  Weak base anion exchange resins 

 

Variables  Full notation  Unit  

∆G°  Standard free energy change J 

M  Molar   Mol L-1 

R  Universal gas constant   J mol-1 K-1 

T  Temperature   ℃ or K 

S  Siemens   S 

V  Volt   V 

wt%  Percentage by weight  
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1 Introduction 

1.1 Background 

The end products of steel are almost limitless, and it is to be found everywhere. Some of the 

application areas for steel include buildings, vehicles, infrastructure, industry, and medicine. 

It is also widely found in everyday use products, such as computers, sporting equipment and 

so on. (Jernkontoret, 2019) Globally over 6 million people work for the steel industry and for 

the year 2018 the world crude steel production reached 1,808.6 million tonnes (World steel 

association, 2019). 

1.1.1 Types of metal alloys 

The metal alloys are divided into two groups depending on their composition: ferrous and 

nonferrous. The main component in ferrous alloys is iron and the alloys are produced in larger 

quantities than any other metal type. They have several advantages such as production using 

relatively economical techniques, and great areas of application as the alloys can have a wide 

range of chemical and mechanical properties. Steels are classified as iron-carbon alloys and 

the more common steels are classified depending on the concentration of carbon (low-, 

medium-, and high-carbon types). The steels may also contain other alloying elements which 

make the number of different steel types broad. Some of the most common applications of 

steels include automobile body components, structural shapes, bridges, railway wheels, and 

tracks. Some of the most important requirements for the steel are structural strength, wear 

resistance and toughness. Plain low-carbon, high-strength low-alloy, medium-carbon, tool and 

stainless are the most common types of steels. (William D. Callister, 2010) 

The nonferrous alloys include copper, aluminium, magnesium and titanium alloys, refractory 

metals, superalloys, noble metals and miscellaneous alloys (nickel, lead, tin, zinc, and 

zirconium). The applications include electrical wire, furniture hardware, aircraft structural 

parts, beverage cans, and space vehicles. Stainless steels have a chromium concentration of at 

least 11 wt%, which makes the steels highly resistant to corrosion in a lot of different 

environments. The stainless steels can be divided into three classes: martensitic, ferritic or 

austenitic, depending on the crystal structure. Applications of stainless steel include gas 

turbines, high-temperature steam boilers, and aircraft. (William D. Callister, 2010)  

1.1.2 Downstream processing 

To produce alloys with the desired properties refining, alloying and heat-treating processes 

are applied to the material. This follows by a variety of fabrication techniques that are 

selected based on the properties of the metal, cost and the size and shape of the finished piece. 

Forming operations, casting and miscellaneous techniques (e.g. powder metallurgy and 

welding) are examples of fabrications techniques. 

Annealing is a thermal process and is performed mainly for the following reasons: 

- To relieve stresses 

- To increase softness, ductility, and toughness 

- To produce a specific microstructure 
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The process involves heating of the metal to high temperatures for some time and then 

allowing the metal cool to room temperature at a slow rate. Depending on the composition of 

the metal the temperature varies. When the metal is exposed to hot gases containing oxygen, 

the surface of the metal oxidises, resulting in the formation of an oxide scale on the surface. 

As the steel is to be shaped or coated the scale on the surface is undesirable and needs to be 

removed. (William D. Callister, 2010) The oxide scale formed on the stainless steel consists 

of two layers, an oxidised chromium layer and a chromium depleted layer. It is desirable for 

the surface on the stainless steel to appear clean, smooth and faultless. This is especially 

important for end products with strict hygienic requirements but also for good corrosion 

resistance. To achieve an adequate quality of the surface a final cleaning step is required. The 

requirements of the end-product, e.g. hygienic, corrosion resistance and aesthetic determine 

the extent and methods of the downstream treatment. The cleaning step can be performed 

chemically or mechanically, in some applications heat-treatments are performed before the 

cleaning step. Mainly chemical cleaning is favoured as it reduces the risk of surface 

contamination while mechanical cleaning usually produces a rougher surface. (Outokumpu 

Oyj, 2013) Acid pickling is one of the most frequent techniques used for regeneration of acid 

for several reasons: 

• “Lengthens die life, eliminates irregular conditions and promotes surface smoothness 

of the finished products. 

• Permits proper alloying or adherence of metallic coatings and satisfactory adherence 

when a non-metallic coating or paint is used. 

• Prevents lack of uniformity and eliminates surface irregularities during cold reduction 

of steel sheet and strip”. (Archana Agrawal, 2009) 

1.1.3 Acid pickling 

Acid pickling is a surface treatment in which the oxide scale on the surface of the metal is 

removed by acid. Some of the most common acids used are sulfuric (H2SO4), nitric (HNO3), 

hydrofluoric (HF) and hydrochloric (HCl), and usual mixtures of different acids are used. 

Over time the amount of dissolved metals in the acid solution increases, which leads to a 

decrease in the pickling efficiency, hence the acid solution needs to be renewed. (T. Özdemir, 

2006) When the acid concentration in the pickling solution decreases by 75-85% the solutions 

are considered spent, and in these solutions, the metal content can reach levels as high as 150-

250 g/L (Regel-Rosocka, 2010).  

Two types of waste are generated from the pickling process: 

1. Spent pickling solution (SPS). 

2. Rinse water generated when pickled iron is washed, which contains 0,05-5 g/L of 

acidic ferrous iron.  

The spent pickling solution is considered hazardous waste due to its corrosive nature, high 

acid content and metal content. To prevent environmental pollution both acid and the 

dissolved metal must be recovered. By recover and recycle the acid and the valuable metals 

the pollution decreases, and the pickling process becomes economical. (Archana Agrawal, 

2009) 
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The recovery of acid and metal from SPS have several advantages, mainly environmental, 

economic and process quality, as the recovery and regeneration limit the emission of harmful 

gases and the use of chemicals. Both the amount of sludge produced and the discharge of 

nitrates to water are reduced, as well as the need to purchase fresh acid. Some of the indirect 

costs connected to the pickling process include a reduction in productivity during the dumping 

of pickling baths, cost of neutralizing chemicals, quality control problems due to over- and 

under-pickling as the composition of the bath changes. By recovering the spent pickling 

solution some of the indirect costs may be reduced, and the overall productivity could 

increase by increased pickling performance achieved by maintaining a constant pickling 

solution. (T. Özdemir, 2006) 

1.1.4 Acid retardation and ion exchange 

Acid retardation is an operation process in which metal ions are separated from acids by their 

difference in mobility. The spent pickling solution passes through an ion exchange material 

(IEM) and as the absorption of strong acids is preferred, the movement of the acids in the 

IEM will be retarded relative to the movement of the salt. (Melvin J. Hatch, 1963) The acid is 

desorbed from the IEM by backwashing with water, which regenerates the IEM. Due to its 

simplicity, reliability and relatively low cost, acid retardation is one of the most common 

purification techniques for spent pickling solutions. (Mu Naushad, 2013) 

Scanacon AB 

Scanacon AB provides process management solutions for solids filtration, acid-metal 

separation and, analysis to the steel, stainless steel, speciality alloy and other industries 

including primary metal producers and electrorefining. Scanacon is a worldwide supplier of 

acid management systems. 

1.2 Challenge 

As all producers and applications of metal processing vary in flow rate and flow compositions 

this requires an acid-metal separation technique that is easy to adapt to the different processes 

to provide optimal separation, recovery, and recycling of acids and metals. A solution for this 

is a calculation tool based on significant separation parameters for acid retardation. By 

altering the parameters, the tool could then be adapted to different acid retardation processes. 

1.3 Objective 

The purpose of this thesis work is to produce basic data for acid retardation. The results will 

be analysed and evaluated with regards to separation efficiency and behaviour in the column. 

The collected data and the findings will be used as a base for a calculation tool. A test matrix 

will be built based on previous acid retardation investigations at Scanacon. The experiments 

performed in this thesis will be based on the test matrix. 

To enable a compilation of the basic data for the calculation tool, questions regarding the acid 

retardation needs to be answered: 

- How do the different acids behave in the acid retardation? 

- How do different concentrations of acid and metals affect the separation? 

- Is there a difference in the results from different resin types? 

- Does the height of the resin bed affect the separation of acids and metals? 
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1.4 Limitations 

This thesis will focus on acid retardation as the separation technique and the metal studied is 

iron. The acids studied are nitric, sulfuric and hydrofluoric. The resins investigated are two 

strong base anion resins (SBA). No other separation technique, metals, acids or resin will be 

investigated, so that completion is possible within the timeframe. The work to assembly a 

calculation tool is beyond the limitations of this thesis.  
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2 Literature review 

2.1 Acid pickling 

The pickling operation for steel might vary depending on the form of metal processed, and the 

types of pickling processes are: 

- Continuous pickling process: used for coils, rod, wire and pipe, i.e. materials that are 

connected end-to-end and the material is continuously run through the pickling tanks. 

- Push-pull pickling process: a non-continuous process used for coils in which each coil 

is treated separately in the pickling tank. 

- Batch pickling process: used for rod or wire in coils, pipes and metal parts. The 

material is immersed in the pickling tanks until the scale is dissolved. 

(Archana Agrawal, 2009) 

2.1.1 Pickling of steel 

Pickling of steel is usually performed in 20-25% sulphuric acid at 95-100 ℃. The oxide scale 

consists of iron(III) oxide, iron(II,III) oxide and iron(II) oxide which dissolves to form 

sulphate complexes with divalent and trivalent iron ions. In a more simplified form presented 

by A. Agrawal as the following reactions (R.1-4): 

Iron(III) oxide dissolves to iron(III) sulfate (ferric sulfate) (R.1) 

𝐹𝑒2𝑂3(𝑠) + 3𝐻+ + 3𝐻𝑆𝑂4
− → 𝐹𝑒2(𝑆𝑂4)3(𝑎𝑞) + 3𝐻2𝑂(𝑙)  R.1 

Iron(II,III) oxide dissolves to iron(II) sulfate and iron(III) sulfate (R.2) 

𝐹𝑒3𝑂4(𝑠) + 4𝐻+ + 4𝐻𝑆𝑂4
− → 𝐹𝑒𝑆𝑂4(𝑎𝑞) + 𝐹𝑒2(𝑆𝑂4)3(𝑎𝑞) + 4𝐻2𝑂(𝑙) R.2 

Iron(II) oxide dissolves to iron(II) sulfate (R.3) 

𝐹𝑒𝑂 (𝑠) + 2𝐻+ + 𝐻𝑆𝑂4
− → 𝐹𝑒𝑆𝑂4(𝑎𝑞) + 𝐻2𝑂(𝑙)   R.3 

Iron(II) sulfate is formed according to reaction R.4 

𝐹𝑒 (𝑠) + 𝐹𝑒2(𝑆𝑂4)3(𝑎𝑞) → 3𝐹𝑒𝑆𝑂4(𝑎𝑞)   R.4 

(Archana Agrawal, 2009). 

2.1.2 Pickling of stainless steel 

The pickling of stainless steel produces a clean surface with a matte finish that passivates 

spontaneously. As pitting corrosion is a possibility when using compounds containing 

chloride, hydrochloric acid must be avoided. (Outokumpu Oyj, 2013) The pickling is usually 

performed with a mixture of nitric- and hydrofluoric acid. If less aggressive pickling is 

preferred, sulfuric acid is used together with hydrofluoric acid or hydrogen peroxide. (Regel-

Rosocka, 2010) The nitric acid acts as an oxidizing agent for the base metal, a dissolving 

agent for the scale and a passivating agent as well as it provides H+ ions and rises the redox 

potential. The hydrofluoric acid also provides H+ ions, stabilizes the redox potential and acts 

as a complexing agent for Fe3+ and Cr3+ ions. The concentration of nitric acid varies between 

10-25% and depending on the resistance to pickling the concentration of hydrofluoric acid 

varies between 1-8%. (McGuire, 2008) Metal and fluoride complexes in the form of FeFn
3-n
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and/or FeFn
2-n start to precipitate when the metal concentration in the solution exceeds 5% and 

as precipitation decreases the pickling efficiency, the pickling solution must be renewed 

(Regel-Rosocka, 2010). 

Three steps are required when pickling stainless steel: 

1. The scale formed during thermal processing is removed, often by shot blasting or 

electrolyte pickling in neutral salt. Pre-pickling using sulfuric acid can also be used. 

The scale removal is for appearance purposes and to promote the further cold working 

of the steel. 

2. The chromium-depleted zone formed during annealing is dissolved to increase the 

corrosion resistance of the end product. 

3. To achieve the desired brightness of the end product a small amount of bulk steel is 

dissolved. (Archana Agrawal, 2009) 

Steps two and three are the pickling steps and the chemicals used in these operate 

independently without any synergistic effect. Reactions R.5-7 shows proposed reactions for 

the dissolution of the chromium layer. 

𝐹𝑒(𝑠) + 4𝐻+ + 𝑁𝑂3
− → 𝐹𝑒3+(𝑎𝑞) + 𝑁𝑂(𝑔) + 2𝐻2𝑂(𝑙)  R.5 

𝐶𝑟(𝑠) + 4𝐻+ + 𝑁𝑂3
− → 𝐶𝑟3+(𝑎𝑞) + 𝑁𝑂(𝑔) + 2𝐻2𝑂(𝑙)  R.6 

3𝑁𝑖(𝑠) + 8𝐻+ + 2𝑁𝑂3
− → 3𝑁𝑖2+(𝑎𝑞) + 2𝑁𝑂(𝑔) + 4𝐻2𝑂(𝑙)  R.7 

The ferric ion formed in reaction R.5 further forms complex with the hydrofluoric acid 

according to the proposed reaction R.8 

𝐹𝑒3+ + 3𝐹− → 𝐹𝑒𝐹3(𝑠)     R.8 

Depending on the degree of oxidation of the ferrous ions, two types of reactions (R.9 and 

R.10) are involved in the oxidized metal/solution reactions: 

𝐹𝑒2+ + 2𝐹− → 𝐹𝑒𝐹2(𝑠)     R.9 

Reaction R.9 shows a proposed reaction which can occur when the Fe3+/Fe2+ content is less 

than 1. The following reaction occurs if the Fe3+/Fe2+ content is greater than 1. 

2𝐹𝑒3+ + 𝐹𝑒(𝑠) → 3𝐹𝑒2+     R.10 

Addition of hydrogen peroxide (H2O2) re-oxidise the ferrous ions according to the proposed 

reaction R.11 

𝐻2𝑂2 + 2𝐻+ + 2𝐹𝑒2+ → 2𝐻2𝑂(𝑙) + 2𝐹𝑒3+(𝑎𝑞)   R.11 

Filtration is required to remove sludge formed by the precipitated FeF2 and FeF3. Nitrous 

gases are produced during pickling as the NO formed in reactions R.5-7 is further oxidized by 

air. By the addition of hydrogen peroxide, the NO2 can be restrained by conversion to nitric 

acid according to the proposed reactions R.12-14 

2𝑁𝑂2(𝑔) + 𝐻2𝑂2 → 2𝐻𝑁𝑂3(𝑎𝑞)    R.12 
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𝑁𝑂(𝑔) + 𝑁𝑂2(𝑔) + 2𝐻2𝑂2 → 2𝐻𝑁𝑂3(𝑎𝑞) + 𝐻2𝑂(𝑙)  R.13 

2𝑁𝑂(𝑔) + 3𝐻2𝑂2 → 2𝐻𝑁𝑂3(𝑎𝑞) + 2𝐻2𝑂(𝑙)   R.14 

(L.-F. Li, 2013) 

As shown in the reactions R.12-14 addition of hydrogen peroxide reduces the consumption of 

nitric acid (L.-F. Li, 2013). To avoid evaporation of hydrofluoric acid and emission of 

nitrogen oxides, the pickling is usually carried out between 50-60 ℃, as the rate of NO2 

formation increases at higher temperatures (McGuire, 2008) 

2.1.3 Composition of spent pickling solution 

The pickling solution generated contains mixtures of the spent acids and complexes of metal 

and fluoride (Regel-Rosocka, 2010). The average metal content in SPS from large European 

stainless-steel pickling lines is approximately 40-45 g/L and 4-5 m3/h spent acid is generated 

(Frank Rögener, 2012). 

2.1.4 Pickling efficiency 

The pickling efficiency is affected by different variables, such as the composition of the steel 

and the composition of the acid solution, the amount of dissolved metals (especially iron, 

chromium, and nickel) and agitation. The temperature of the pickling bath has a great 

influence on pickling efficiency as an increase in acid temperature with 10-15 ℃ doubles the 

pickling rate. (Uwe Fortkamp, 2002) The most influential parameters for the pickling rate 

when pickling stainless steel are bath temperature, the concentration of free hydrofluoric acid 

and the concentration of the dissolved iron and chromium (Archana Agrawal, 2009). The 

pickling efficiency can also be improved by the addition of inhibitors, stabilizers, and 

surfactants. Over time the pickling efficiency decreases, which requires the pickling bath to be 

renewed (Regel-Rosocka, 2010). 

2.2 Ion exchange 

2.2.1 Ion exchange material 

Ion exchange materials (IEM) can be classified into two main groups: natural IEM’s and 

synthetical IEM’s. The natural IEM’s can further be classified into two subgroups: organic 

and inorganic IEM’s. Zeolites, clays, and vermiculite are examples of naturally available 

mineral constituents that show ion exchange properties. Synthetic IEM’s have three 

subgroups: organic (polymers), inorganic (mineral) or composite. The synthetic IEM’s can be 

synthesized to have selected physical and chemical properties which makes them more 

attractive compared to natural IEM’s. 

The largest group of synthetic IEMs’ are organic ion exchange resins (IER), which are 

polymer beads with a diameter of 0,3-2 mm, or a fine powder. Figure 1 shows ion exchange 

resin beads. The organic resins consist of long hydrocarbon chains that are held together via 

crosslinking, and the hydrocarbon chains have fixed charges at different sites. The base for 

common organic IER’s consists of a copolymer (matrix) of styrene (ethenylbenzene) and 

divinylbenzene (DVB) forming styrene-divinylbenzene. By varying the amount of DVB, the 

amount of crosslinking can be controlled which affects the mechanical and chemical 

behaviour of the resin. By the addition of functional groups to the benzene rings, the resin is 
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activated and can be transformed into anionic or cationic ion exchange resins. The cation and 

anion resins can further be classified as strong acid- or weak acid cation exchange resin and 

strong base- or weak base anion exchange resin. (Mu Naushad, 2013) 

 

Figure 1. Ion exchange resin beads. (Bugman, 2005) 

2.2.2 Conventional resin structure 

The structure of the ion exchange resins has a large impact on the equilibrium, kinetic and 

physical characters. Through polymerization, the synthesis reaction of the matrix for styrenic 

gel resin occurs during three steps: 

1. Divinylbenzene with divinylbenzene (rapid reaction rate)  

2. Styrene with divinylbenzene (intermediate reaction rate) 

3. Styrene with styrene (slow reaction rate) 

The rate during step 1 is rapid and the copolymer formed during this step has a high amount 

of crosslinking. As the reaction proceeds the divinylbenzene is consumed and the amount of 

crosslinking decreases which makes the configurations more open. When the divinylbenzene 

is consumed the matrix capability to swell also decreases. The synthesis generates a highly 

heterogeneous structure resin with the amount of crosslinking varying from high to low. The 

resin phase is homogeneous with no apparent porosity and has no internal macroscopic 

structural pores. The structure is called gel-heteroporous or gel-microporous, Figure 2 shows 

the resin gel-electrolyte phase. 
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Figure 2. Schematic image of the resin gel-electrolyte phase (Harland, 1994). 

When the hydrated resin phase is ionized it is more similar to a dense electrolyte-gel in which 

the dissociated counter ions can diffuse. In the structure, there will be parts that have various 

structural characteristics as well as non-symmetrical strains, as the distribution of crosslinking 

and functional groups is uneven. After the addition of functional groups, the resin structure 

shift from hydrophobic to hydrophilic by aqueous conditioning and rinses. The addition of 

functional groups and the shift in structure sterically induce severe stresses and strains in the 

resin beads. Due to the asymmetrical distribution of crosslinking the resin swells differentially 

during the aqueous conditioning and rinses, which creates more strains in the resin beads. 

Usually, a pre-swelling of the resin in a solution is performed to ease the steric resistance to 

activation during the addition of functional groups. (Harland, 1994) 

2.2.3 Classification of resin 

Ion exchange resins can be described in both chemical and physical terms. 

Chemical terms 

Structure 

The structure of the polymer in the resin has an impact on several properties such as 

mechanical strength, swelling characteristics, ion exchange equilibria and exchange kinetics 

properties (Harland, 1994). 

Crosslinking 

The crosslinking in the resins is defined as the nominal percent crosslinking or percent DVB 

(% DVB), and it is the mass percentage (mass%) the divinylbenzene constitutes the 

copolymerization reactants. The divinylbenzene in resins is a mixture of ethylstyrene and 

different isomers. The crosslinking gives the resin its physical strength as it provides the 

chemical bonding between the polymer chains. It also controls the dry IER swelling content 

when absorbing water. The common gel resins have approximately 8% DVB, but the range 
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goes from 0,5 to 25%. As the crosslinking in the resin decreases, the swelling and water 

uptake increases. (Harland, 1994) 

Functional group 

The functional groups in the strong base anion resins can be either Type 1 

(benzyltrimethylammonium, -CH2N(CH3)3
+) or Type 2 (benzyldimethylethanolamine, -

CH2N(CH3)2(CH2CH2OH)+ ). The difference between the two types is the basicity, Type 2 is 

less basic and shows more affinity for hydroxide ions. (Harland, 1994) 

Ionic form 

The common ionic forms for the strong base anion are Type 1, chloride form (-

CH2N(CH3)3
+Cl-) and Type 2, chloride form (-CH2N(CH3)2(CH2CH2OH)+Cl-) (Harland, 

1994). 

Water content 

The water content of the resin is an important structural characteristic and depends on the type 

of polymer matrix, the nature of the functional groups and their concentration, the 

homogeneity of the resin, the counter ions and the crosslinking density. The composition of 

the mobile phase with the solution and its concentration is important, as the chemical potential 

difference of water in the two phases (mobile and immobile) has a significant impact on the 

water content of resin. The resin swells when water enters the dry resin and the fixed ions in 

the resin and the counter-ions become hydrated. When the internal swelling pressure in the 

resin prevents additional uptake of water an osmotic equilibrium is obtained. (M. Luqman, 

2012) 

Swelling and shrinking 

When the ionized forms of ion exchange resin are introduced with an electrolyte solution the 

resin shrinks, the extent of shrinking increases with more concentrated solutions. Following 

with rinsing of water, the resins expand or ‘’swells’’ to a limited degree, controlled by an 

equilibrium (Helfferich, 1995) 

Thermal stability 

The normal temperature interval for ion exchange operations is between 5-90 ℃. For anion 

exchange resin, temperature over this range results in a more rapid loss of exchange capacity. 

For resins of Type 1, the thermal breakdown decreases the total capacity as well as the strong 

base capacity. Thermal breakdown decreases the strong base capacity for resins of Type 2, but 

the high total exchange capacity is intact. Despite this, gel structure resins are considered to 

have exceptional thermal stability possibly due to the increased elasticity of the copolymer 

being able to absorb, and therefore mechanically degrade the thermal energy. (Harland, 1994) 

Physical terms 

Resin particle size 

For typical resins, the bead size range varies from 300 to 1200 µm. The terms effective size 

and uniformity coefficient (UC) are used to describe particle size by sieving of wet-swollen or 

dried beads. 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑧𝑒 = 𝑚𝑒𝑠ℎ 𝑠𝑖𝑧𝑒 (µ𝑚) 𝑟𝑒𝑡𝑎𝑖𝑛𝑖𝑛𝑔 90% 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑖𝑒𝑣𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 
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𝑈𝐶 =
𝑚𝑒𝑠ℎ 𝑠𝑖𝑧𝑒 (µ𝑚) 𝑟𝑒𝑡𝑎𝑖𝑛𝑖𝑛𝑔 40% 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑒𝑠ℎ 𝑠𝑖𝑧𝑒 (µ𝑚) 𝑟𝑒𝑡𝑎𝑖𝑛𝑖𝑛𝑔 90% 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
 

(Harland, 1994) 

2.2.4 Cation exchange resins 

In cations exchange resins the added functional groups to the benzene rings are sulfonic acid 

groups (-SO3H), the counter ions to be exchanged are the hydrogen ions of the sulfonic 

groups, as seen in reaction R.15 below: 

𝑅−𝐻+ + 𝐴+ ↔ 𝑅−𝐴+ + 𝐻+    R.15 

where R is the ion exchange material and A+ is the positively charged metal ion. The cations 

exchange resins are classified as strong- or weak acid types. 

Strong acid cation exchange resins (SAC) have similar chemical behaviour as a strong acid. 

The most common resins contain sulfonic groups (-SO3) as shown in Figure 3. Both the acid 

(R-SO3H) and the salt (RSO3Na) forms of the sulfonic acid group are highly ionized, active 

over the entire pH range and they can easily convert a metal salt to the corresponding acid. 

 

 

Figure 3. Typical strong acid cation exchanger (Mu Naushad, 2013). 

Weak acid cation exchange resins (WAC) have similar behaviour as a weak organic acid and 

most common resins contain carboxylic groups (-COOH), as shown in Figure 4. The resins 

are weakly dissociated which is strongly influenced by the pH value of the solution, but this 

value cannot be below 4-6 as the resins are not active in that area.  

 

Figure 4. Typical weak acid cation exchanger (Mu Naushad, 2013).  
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2.2.5 Anion exchange resins 

In anion exchange resins the benzene rings are chloromethylated which attaches the CH2Cl 

groups and they are reacted with tertiary amines. Reaction 16 below describes the mechanism 

of the anion exchange process: 

𝑅+𝑌− + 𝐵− ↔ 𝑅+𝐵− + 𝑌−    R.16 

where R is the ion exchange material, B- and Y- are anions or negatively charged metal ion 

complexes. The anion exchange resins are classified as strong- or weak base types. 

Strong base anion exchange resins (SBA) are highly ionized and active over the whole pH 

range. The resins have quaternary ammonium groups (-NR3
+), as shown in Figure 5. Due to 

the functional group, the resins are positively charged over the whole pH range, hence they 

can function as an anion exchanger. 

 

 

Figure 5. Strong base anion exchanger (Mu Naushad, 2013). 

The functional groups of the weak base anion exchange resins (WBA) are primary (-NH2), 

secondary (-NRH), and/or tertiary (-NR2) amine groups, as shown in Figure 6. The resins are 

not active at alkaline pH as they show very low exchange capacity above a pH of 7. (Mu 

Naushad, 2013) 

 

Figure 6. Typical weak base anion exchanger (Mu Naushad, 2013). 

2.2.6 Ion exchange technique  

The ion exchange technique involves two phases; a stationary or immobile phase consisting of 

an insoluble ion exchange material with loosely held ions. The second phase is a mobile phase 

consisting of a solution with dissolved ions (moveable ions) with the same charge as the ions 

in the exchange material, hence the counter ions have the potential to be exchanged. (Mu 

Naushad, 2013) As the electroneutrality in the two phases needs to be preserved this requires 

the counter ions to be exchanged in equivalent amounts. To avoid disruption in the 
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electroneutrality between the two phases an electrostatic potential known as the Donnan 

potential is generated. The Donnan potential prevents molecules to move and disrupting the 

electroneutrality. As a result of the Donnan potential counter ions with a high valency are 

more likely to be exchanged. (J. F. Richardson, 2002) 

2.2.7 Ion exchange process 

Ion exchange is usually performed in three steps: 

1. Sorption: spent pickling solution passes through a column packed with an ion 

exchange resin bed and the targeted ions bind into the resin. The ions primarily 

contained in the exchanger are released. 

2. Elution: with a small volume of eluent the targeted ions are subsequently released 

from the resin bed. By replacing the eluent, the target ions are released from the resin 

into the solution phase. 

3. Regeneration: regeneration of exhausted ion exchange resin to restore the resin to its 

original ionic form for re-use. (Mu Naushad, 2013) 

2.2.8 Ion exchange reactions 

Equilibrium and selectivity 

The ion exchange materials can prefer which counter ionic species to be exchanged, and the 

ability to distinguish between the species is called selectivity. The nature of the counter ion 

plays a large part in the selection of the ionic species and the reason for choosing one ionic 

species over another is connected to several causes: 

1. ‘’The electrostatic interaction between the charged framework and the counter ions 

depends in the size and valence of the counter ion. 

2. Other effective interactions between ions and their environment. 

3. Large counter ions may be sterically excluded from the narrow pores of the ion 

exchanger.’’ (M. Luqman, 2012) 

Reaction R.15 for the cation exchange reaction can be used in the reaction for the equilibrium 

constant, also called the selectivity, as seen in R.17 below. 

𝐾 =
[𝑅𝐴]

[𝑅𝐻]
∙

[𝐻+]

[𝐴+]
     R.17 

where R is the ion exchange material and A+ is the positively charged metal ion. Reactions 

R.15 and R.17 gives the selectivity coefficient for reaction R.18 

𝐾𝐻+
𝐴+

=
[𝐴+]𝑅𝑒𝑠𝑖𝑛

[𝐻+]𝑅𝑒𝑠𝑖𝑛
∙

[𝐻+]𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛

[𝐴+]𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛
    R.18 

The equilibrium constant is also given for the anion exchange reaction, R.16, in reaction R.19 

𝐾 =
[𝑅𝐵]

[𝑅𝑌]
∙

[𝑌−]

[𝐴−]
     R.19 

where R is the ion exchange material, B- and Y- are anions or negatively charged metal ion 

complexes. Reactions R.16 and R.19 gives the selectivity coefficient for reaction R.16, as 

seen in R.20 below. 
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𝐾𝑌−
𝐵−

=
[𝐵−]𝑅𝑒𝑠𝑖𝑛

[𝑌−]𝑅𝑒𝑠𝑖𝑛
∙

[𝑌−]𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛

[𝐵−]𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛
    R.20 

As the selectivity coefficients describe the ion exchange equilibrium, they can be used to 

predict the outcast when various ions are involved. The coefficients are not constant as they 

vary with operating conditions. 

For ions of the same charge the selectivity increases with atomic weight in the order: Li+< 

Na+< K+< Cs+ and for divalent ions, the selectivity is greater than for monovalent ions. (M. 

Luqman, 2012) 

Thermodynamics 

How effective the removal of ionic metal species from a liquid solution by the ion exchange 

resins is measured by the distribution coefficient. The coefficient is calculated by reaction 

R.21 

𝐾𝑑 =
(𝐶𝑖−𝐶𝑓)

𝐶𝑖
∙

𝑉𝑠

𝑚𝑒
     R.21 

Where Ci= initial concentration, Cf= final concentration of metal in the solution, ms= mass of 

exchanger used, Vs= volume of solution. It is desirable to have a high value of the distribution 

coefficient and the coefficient is specific to the temperature and concentration of other ions in 

the solution. When determining the Gibbs free energy of adsorption, the calculated 

distribution coefficient from R.21 is used (R.22): 

∆𝐺° = −𝑅𝑇 ∙ 𝑙𝑛 𝐾𝑑     R.22 

Where ∆G°= standard free energy change [J], R= universal gas constant [J mol-1 K-1], T= 

absolute temperature [K]. (M. Luqman, 2012) However, the environment for the experiments 

performed in this thesis wary from the standard values used in the theoretical calculations 

above. 

Exchange kinetics 

Mass-transfer resistance occurs in both liquid and solid phases during the exchange which 

affects the rate of the exchange. The kinetics of the exchange reaction is affected by several 

causes: the type and nature of the exchanger, the concentration of the solution and which 

temperature the exchanger is operated. A thin static liquid film with a thickness of 10-100 nm 

is formed around the ion exchange bead when the bead is introduced to a solution. The 

thickness of the film depends on the flow rate of the liquid passing the film. The ion exchange 

process involves six steps and takes place between the solution and the ion exchange resin 

particle: 

1. ‘’Diffusion of counter ions through the bulk solution surrounding the bead. 

2. Diffusion of counter ions through the hydrated film of solution that is in close contact 

with the bead matrix. 

3. Diffusion of counter ions within the bead matrix. 

4. The actual ion exchange reaction. 

5. Diffusion of the exchanged species out of the ion exchange bead. 
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6. Diffusion of the exchanged species from the bead surface particle into the bulk 

solution.’’ (M. Luqman, 2012) 

The ion exchange reaction is not commonly considered to be rate controlling as it occurs 

through diffusion in the beads and the film very quickly. Often steps 1 and 6 are rapid if the 

concentration of ions in the solution is not exceptionally low and they do not determine the 

reaction rate. Step 2 or 3 is the controlling step for the kinetics of the reaction and sometimes 

both can control the overall reaction rate. (M. Luqman, 2012) 

Capacity 

The capacity of an ion exchange material is an important chemical feature as the maximum 

ion exchange capacity (max IEC) is a measurement of the resin’s capacity to perform ion 

exchange work. It measures the total number of exchangeable ions per unit weight of the 

resin. The capacity can be expressed as milliequivalents per gram (meq/g = eq/kg) which is 

the scientific weight capacity or milliequivalents per millilitre (meq/mL = eq/L) which is the 

technical volume capacity. Several other definitions of capacity exists. For strong anion 

resins, typical values for the weight capacity are 2,5-4 meg/g, but this value varies as it 

depends on the number of functional groups (J. F. Richardson, 2002). 

Breakthrough curves 

Figure 7 shows a typical breakthrough curve from a column operation, Co is the influent 

concentration of the ionic species to be removed, and Cx is the effluent concentration of the 

ionic species to be removed. At point c the breakthrough starts and increases until the 

endpoint, e. At the endpoint, the concentration of the ionic species in the effluent is the same 

as the influent ionic species concentration. No further ion exchange takes place at the 

endpoint, and the ion exchange medium is considered to be exhausted and must be replaced or 

regenerated. To be able to utilize as much of the column as possible the breakthrough curve 

needs to be as steep as possible. (M. Luqman, 2012) 

 

Figure 7. Schematic representation of a breakthrough curve, Y- = ionic species to be removed (M. Luqman, 2012). 

The total volume of liquid treated up to a particular percentage breakthrough, the 

breakthrough capacity, is affected by several parameters: 
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1. The functional group of the ion exchange resin 

2. The grain size of the ion exchange resin 

3. The degree of cross-linking in the ion exchange resin 

4. Depth of the resin bed 

5. The flow rate of the feed solution 

6. The concentration and type of ions in the solution 

(M. Luqman, 2012) 

2.2.9 Equipment 

Vertical cylindrical columns containing fixed beds of the resins are usually used for ion 

exchange operations. In the ends of the column, a fine grid is used to support the resin and the 

grid needs to hold the resin beads but not be to fine as it can block the liquid flow. Outside of 

the fine grids, a distributor is placed to provide even flow over the whole cross-section of the 

bed. When feed is added to the column, ion exchange takes place in a mass transfer zone in 

the inlet of the bed. This zone travels through the bed when more feed is added, and the ion 

exchange continues until unconverted material emerges with the effluent. This is when the 

breakpoint of the bed, the limit of the working capacity, is reached and the resin needs to be 

regenerated. (J. F. Richardson, 2002) Pressure drop occurs in the column and as the resin 

particles can be deformed, excessive pressure drop should be avoided (Fogler, 2016). 

2.3 Acid retardation 

The ion exchange resin can be used to separate ionic and large non-ionic solutes in aqueous 

solution, a process called acid retardation. The resin structure prevents the counter-ions from 

easily be displaced by other counter-ions while the ionic mobility within the resin maintains 

the electro-neutrality. (J. F. Richardson, 2002). As the absorption of strong acids is preferred, 

the movement of the acids in the bed will be retarded relative to the movement of the salt 

(Melvin J. Hatch, 1963). The regeneration of the resin occurs when pure water is passing 

through the resin bed to release the acid from the resin due to the difference in osmotic 

pressure (Schulte, 2011). 
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3 Method 
Four experiment setups were designed and selected to correlate to the four questions from the 

objective. The acid behaviour was investigated by performing acid evaluation experiments 

were the behaviour of different acid concentrations of H2SO4, H2SO4 + HF, and HNO3 + HF 

in the column was studied. To investigate how different concentrations of acid and metal 

affect the separation, concentration dependence experiments was performed. Synthetical spent 

pickling solutions with varied acid and metal solutions was used for the investigations. The 

performance of two resins, SBA 1 and SBA 2, was studied by performing acid retardation 

experiment on column packed with the two resins. To investigate if the height of the resin bed 

affects the separation of acid and metals, acid retardation experiments was performed in two 

columns with different height (10 and 30 cm). For all experiments, the solutions tested were at 

room temperature. All experiments were conducted at the lab at Scanacon. 

3.1 Baseline 

Lab-scale columns were used for the experiments and the columns were dry packed with resin 

according to standard in-house instructions, see Appendix 1. In the experiments, the bed 

volume (BV) is defined as the volume of the column. Figure 8 is a schematic figure of a 

column and shows the flow direction in the column. The numbers 1 to 7 represent the valves 

used to control the direction of the flow. 

 

Figure 8. Schematic image of the column, h= bed height. 

3.1.1 Acid retardation 

The acid retardation is divided into a two steps cycle, upstroke and downstroke. As the final 

step of the dry packing of resin in the column is rinsing with water, the column contains one 

BV water when the experiments start. In the upstroke, two BV of synthetical SPS are pumped 

into the column in a down-top mode, in which the acid is absorbed by the resin and the metals 

move through the column. This gives two products: water displacement (WD) containing no 

acids or metals, which is the displaced water left in the column from the rinsing, and secondly 

a by-product (BP), low in acid and high in metal content. In the second step, the downstroke, 
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two BV of water is pumped into the column counter current to the flow of synthetical SPS (a 

top-down mode) which releases the acid through desorption. This also gives two products: 

acid displacement (AD) containing both high acid and metal content, which is the displaced 

synthetical SPS left in the column from the upstroke, and product (P) containing high acid and 

low metal content. After a full cycle (a complete upstroke and a complete downstroke) one 

BV of water is left in the column. 

3.1.2 Ideal curve 

A scenario where maximum separation for both metal and acid are achieved is called an ideal 

curve, Figure 9. The first curve represents the upstroke and here the separation of acid and 

metal is 10-20% respectively 70-75% of the ingoing concentration of acid and metal. The 

dotted line in the BP area represents the endpoint e, as described in 2.2.8 Ion exchange 

reactions, breakthrough curves. The second curve represents the downstroke, where the 

separation of acid and metal is 80-90% respectively 25-30% of the ingoing concentration of 

acid and metal. As shown in Figure 9 there is a low amount of the synthetical spent pickling 

solution in the WD, low amount of acid in BP and metal in P. These overlaps indicate some 

acid and metal losses in the acid retardation, hence the separation is not 100% efficient. 

The results from the experiments performed will be compared to the ideal curve, and for some 

experiments the recovery of acid and metal during the upstroke and downstroke will be 

calculated and compared to the recovery values from the ideal curve. As the goal for this 

thesis is to produce basic data for the acid recover, the amount of added spent pickling 

solution and water in the experiments will be identical (two BV of each). 

 

Figure 9. Ideal curve for acid retardation. On the x-axis, 1 and 2 in the first part of the diagram represent the number of bed 

volumes pumped into the column during the upstroke. 1 and 2 in the second part of the diagram represent the number of bed 

volumes pumped into the column during the downstroke. (Scanacon AB, 2019). 

3.1.3 Experimental setup 

Each experiment was carried out as follows: two BV each of synthetical SPS and water were 

added in the feed and water tank respectively. Valves 4 and 7 and the valve to the feed tank 

was opened (all other vents closed), and the acid and metal solution was pumped into the 

column in a down-top mode at a speed of 2 BV/3 min. Samples were taken out with 

approximately 100 ml in each. When all acid and metal solution had been pumped into the 
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column the valve to the feed tank and valves 4 and 7 were closed. Then valves 3 and 6 and the 

valve to the water tank were opened and the water was pumped into the column in a top-down 

mode at a speed of 2 BV/3 min. Samples were taken out with approximately 100 ml in each. 

To avoid dead volume in the pipes approximately 300 ml was added to each solution (both 

acid and metal solution and water) for all experiments. In the recovery calculations two BV 

includes the volumes in tubes and vents. 

3.1.4 Test matrix 

Four types of experiments were conducted: acid evaluation, concentration dependence, resin 

comparison, and bed height comparison. Table 1 shows the test matrix intended to be used as 

a base for the acid retardation experiments. In the experiments with metal, FeSO4 (iron(II) 

sulfate) and Fe(NO₃)₃ (iron(III) nitrate) were used depending on the acids used. FeSO4 was 

used with H2SO4 and H2SO4 + HF, and Fe(NO₃)₃ was used with HNO3 + HF. 

Table 1. Test matrix for acid retardation experiments. 

Acid evaluation 

 H2SO4 H2SO4 + HF HNO3 + HF 

Experiment 1 Low acid conc Low acid conc Low acid conc 

Experiment 2 High acid conc High acid conc High acid conc 

Concentration dependence experiments 
  

 H2SO4 + FeSO4 

H2SO4 + HF 

+ FeSO4 

HNO3 + HF 

+ Fe(NO3)3 

Concentration dependence 

High metal conc 

+ high acid conc 

High metal conc + 

high acid conc 

High metal conc + 

high acid conc 

Concentration dependence 

High metal conc 

+ low acid conc 

High metal conc + 

low acid conc 

High metal conc + 

low acid conc 

Concentration dependence 

Low metal conc 

+ high acid conc 

Low metal conc + 

high acid conc 

Low metal conc + 

high acid conc 

Concentration dependence 

Low metal conc 

+ low acid conc 

Low metal conc + 

low acid conc 

Low metal conc + 

low acid conc 

Resin comparison experiments 

  

SBA 1 H2SO4 + FeSO4 

H2SO4 + HF 

+ FeSO4 

HNO3 + HF 

+ Fe(NO3)3 

SBA 2 H2SO4 + FeSO4 

H2SO4 + HF 

+ FeSO4 

HNO3 + HF 

+ Fe(NO3)3 

Bed height comparison experiments 

  

Column 1 H2SO4 + FeSO4 

H2SO4 + HF 

+ FeSO4 

HNO3 + HF 

+ Fe(NO3)3 

Column 2 H2SO4 + FeSO4 

H2SO4 + HF 

+ FeSO4 

HNO3 + HF 

+ Fe(NO3)3 

 

Two resins of the type strong base anion exchange were used for the experiments, Table 2 

shows the resin characteristics. 
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Table 2. Resin characteristics. 

Resin type SBA 1 SBA 2 

Polymer structure 

Gel polystyrene crosslinked  

with divinylbenzene 

Styrene crosslinked  

with divinylbenzene 

Functional group 

Type I Quaternary  

Ammonium 

Type I Quaternary  

Ammonium 

Ionic form Cl- form Cl- form 

Total capacity Cl- 

form 1,3 eq/L 1,4 eq/L 

Uniformity coefficient 1,4 1,34 

Particle size 

distribution (PSD) 225 ± 75 μm 212,22 μm 

 

3.2 Acid retardation experiments 

3.2.1 Acid evaluation 

Table 3 shows the acid solutions and the variation in compositions used for the experiments. 

Table 3.Compositions of solutions for the acid evaluation experiments. 

Acid solution H2SO4 H2SO4 + HF HNO3 + HF 

Experiment 1 (low acid conc) 1 M 1 M + 0,5 M 1 M + 0,5 M 

Experiment 2 (high acid conc) 3 M 3 M + 2 M 3 M + 2 M 

 

For the acid evaluation experiments performed with H2SO4 column 2 was used, and in the 

acid evaluation experiment where H2SO4 + HF and HNO3 + HF were tested column 1 was 

used. For all acid evaluation experiments SBA 1 was used. 

3.2.2 Concentration dependence 

Table 4 shows the limitations of the compounds in the solutions in the concentration 

dependence experiments. 

Table 4. Limitations for the acid solutions used in the concentration dependence experiments. 

Solution 

H2SO4 + 

FeSO4 

H2SO4 + HF + 

FeSO4 

HNO3 + HF + 

Fe(NO3)3 

Upper limit 

Acid: 3 M 

Metal: 80 g/L 

Acid: 3 M +2 M 

Metal: 50 g/L 

Acid: 3 M +2 M 

Metal: 45 g/L 

Lower limit 

Acid: 1 M 

Metal: 15 g/L 

Acid: 1 M +0,5 M 

Metal: 15 g/L 

Acid: 1 M +0,5 M 

Metal: 15 g/L 

 

The limitation for the compositions presented in Table 4 was used to determine the 

composition of the solutions for the concentration dependence experiments, see Table 5 

below. To avoid precipitation, the upper limit for some of the metal concentrations was 

lowered. 
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Table 5. Composition of the mixtures for the concentration dependence experiments. 

- Solution 

H2SO4 + 

FeSO4 

H2SO4 + HF + 

FeSO4 

HNO3 + HF + 

Fe(NO3)3 

Conc. 

dependence 

High metal 

conc + high 

acid conc 

Metal: 80 g/L 

Acid: 3 M 

Metal: 40 g/L  

Acid: 3 M + 2 M 

Metal: 35 g/L  

Acid: 3 M + 2 M 

Conc. 

dependence 

High metal 

conc + low 

acid conc 

Metal: 80 g/L 

Acid: 1 M 

Metal: 40 g/L  

Acid: 1 M + 0,5 M 

Metal: 35 g/L  

Acid: 1 M + 0,5 M 

Conc. 

dependence 

Low metal 

conc + high 

acid conc 

Metal: 15 g/L 

Acid: 3 M 

Metal: 15 g/L  

Acid: 3 M + 2 M 

Metal: 15 g/L  

Acid: 3 M + 2 M 

Conc. 

dependence 

Low metal 

conc + low 

acid conc 

Metal: 15 g/L 

Acid: 1 M 

Metal: 15 g/L  

Acid: 1 M + 0,5 M 

Metal: 15 g/L  

Acid: 1 M + 0,5 M 

 

For all concentration dependence experiments column 2 was packed with SBA 1. 

3.2.3 Resin comparison 

To investigate the difference in resin performance for the SBA 1 and SBA 2 presented in 

Table 2, three experiments were performed on the resins. Three acid and metal solutions were 

tested, experiment 1: H2SO4 + FeSO4, experiment 2: H2SO4 + HF + FeSO4 and experiment 3: 

HNO3 + HF + Fe(NO3)3, Table 6 shows the compositions of the solutions. Column 1 was used 

for all experiments. 

Table 6. Compositions of solutions for the resin comparison experiments. 

Resin Experiment 1 Experiment 2 Experiment 3 

SBA 1 

Acid: 1 M H2SO4 

Metal: 15 g/L 

Acid: 1 M H2SO4 +  

0,5 M HF  

Metal: 15 g/L 

Acid: 1 M HNO3 +  

0,5 M HF  

Metal: 15 g/L 

SBA 2 

Acid: 1 M H2SO4 

Metal: 15 g/L 

Acid: 1 M H2SO4 +  

0,5 M HF  

Metal: 15 g/L 

Acid: 1 M HNO3 +  

0,5 M HF  

Metal: 15 g/L 

 

3.2.4 Varied bed height 

Two lab-scale columns were used for the bed height experiments. The different heights (10 

and 30 cm) were selected to examine if the bed height affects the acid and metal separation, 

Table 7 shows the column specifications. Three acid and metal solutions were tested in the 

columns, experiment 1: H2SO4 + FeSO4, experiment 2: H2SO4 + HF + FeSO4 and 

experiment 3: HNO3 + HF + Fe(NO3)3.  

Table 8 shows the compositions of the solutions. Both columns were dry-packed with SBA 1. 

Table 7. Column specifications. 

Column no. Bed height [cm] Inner diameter [cm] Bed volume (BV) [mL] 

1 10 5,6 250 

2 30 5,6 750 
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Table 8. Compositions of solutions for the bed height comparison experiments. 

Column Experiment 1 Experiment 2 Experiment 3 

1 

Acid: 1 M H2SO4 

Metal: 15 g/L 

Acid: 1 M H2SO4 + 0,5 M HF  

Metal: 15 g/L 

Acid: 1 M HNO3 + 0,5 M HF 

Metal: 15 g/L 

2 

Acid: 1 M H2SO4 

Metal: 15 g/L 

Acid: 1 M H2SO4 + 0,5 M HF  

Metal: 15 g/L 

Acid: 1 M HNO3 + 0,5 M HF 

Metal: 15 g/L 

 

3.3 Analytical 

The following methods were used to analyse the samples taken from the acid retardation: 

• Conductivity [mS/cm] 

A semi-automatic bench-top analysis system was used to measure: 

• Density [kg/m3] 

• H [mV] 

• F [mV] 

• Temperature [℃] 

• Acid [M] (all other acids except for HF) 

• HF [M] 

• Metal [g/L] 

The conductivity was measured using a conductivity probe, the probe was immersed in the 

sample solution. The analysis system works as follows; the density is measured by a built-in 

density meter. Three electrodes, two ion-selective for H+ and F-, and one reference electrode 

are used for the ion analysis. The specific ion activity is determined by measuring the 

potential difference between the ion-selective electrode and the reference electrode. To 

compensate for temperature dependence in ion activity, a thermocouple measures the 

temperature in the sample during the test. The concentration of free acid is calculated as a 

function of ion activity. Total metals are calculated as a function of free acid concentration 

and density. Calibration of the system is performed by using ISO certified solutions. 

The analysis system is used for process control which makes it a bit problematic to use for lab 

analysis. It is known that the electrodes have an error margin (approximately ± 5 %) and the 

H+ electrode also measures some of the metal content. The analysis system is therefore not 

optimal to use when low acid concentrations are to be analysed. To avoid incorrect results and 

to find a correction factor, the relationship between the conductivity and the concentration of 

acid and metal was to be used. The conductivity was measured for solutions containing only 

acid (H2SO4 and HNO3), acid and metal (H2SO4 + FeSO4 and HNO3 + Fe(NO3)3) and acid, 

hydrofluoric acid and metal (H2SO4 + HF +FeSO4 and HNO3 + HF + Fe(NO3)3) and the 

solutions were also analysed by the analysis system. However, no clear relation could be seen 

between the measured conductivity and the results from the analysis system. It was assumed 

that the conductivity probe was affected by the hydrofluoric acid, hence the conductivity 

measurements were not stable. Because of this, the results presented should only be studied 

regarding the trends they represent, not the actual values.  
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4 Results and discussion 
The results from the experiments in the form of figures and tables are presented in the 

following order: 

1. Acid evaluation 

Results from the investigation of the behaviour of the acids in the column for three 

solutions; i) H2SO4, ii) H2SO4 + HF, iii) HNO3 + HF. Two acid concentration (high 

and low concentration) for each solution was tested. 

2. Concentration dependence 

Results from the experiments where the concentration dependence were tested with 

three acid- and metal solutions; i) H2SO4 + FeSO4, ii) H2SO4 + HF + FeSO4, iii) HNO3 

+ HF + Fe(NO3)3. For each solution four experiments were performed, two with low 

acid concentration and varied metal concentration and two with high acid 

concentration and varied metal concentration. For the experiments performed with 

solutions (ii) and (iii), the overall recovery, as well as the recovery during upstroke 

and downstroke, are presented. 

3. Resin comparison 

Comparison of the performance of two resins, SBA 1 and SBA 2, for three acid- and 

metal solutions with low concentration; i) H2SO4 + FeSO4, ii) H2SO4 + HF + FeSO4, 

iii) HNO3 + HF + Fe(NO3)3. Column 1 was used for the resin comparison 

experiments. 

4. Bed height 

Results from the bed height experiments were three acid- and metal solutions with low 

concentration were tested; i) H2SO4 + FeSO4, ii) H2SO4 + HF + FeSO4, iii) HNO3 + 

HF + Fe(NO3)3. 

5. Ideal curve 

The results are discussed in regard to the ideal curve. 

Due to changes in the flow direction (upstroke – downstroke) and change of tubes for 

sampling, a dip in acid and metal concentration can be seen in each figure. The sample taken 

during the dip is a composition of solution from a previous experiment (solution left in the 

sampling tube), and the acid and metal solution form the actual experiment. The acid and 

metal solution should nearly be the same composition as the feed since valve 6 (see Figure 8) 

is placed at the bottom of the column, and no advanced separation has been achieved.  

The first sample taken during the experiments is excluded from the figures as it contains 

solutions from previous experiments left in the sampling tube. All results are presented in 

Appendix 2. In the figures the acid and metal concentrations are plotted on the y-axis and the 

amount of added solution (synthetic spent pickling solution and water) is plotted on the x-

axis. 
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4.1 Acid evaluation 

4.1.1 H2SO4 

The results from the evaluation of H2SO4 are presented in Figure 10. Experiment 1 was 

performed with 1 M H2SO4, experiment 2 with 3 M H2SO4. Both experiments were performed 

in column 2 with SBA 1 as resin. 

 

Figure 10. Acid evaluation of H2SO4. Experiment 1: 1 M H2SO4, experiment 2: 3 M H2SO4. 

The recovery of acids from the experiments is presented in Table 9. 

Table 9. Recovery of H2SO4. 

Recovery H2SO4 % 

Experiment 1 94,5 

Experiment 2 109,3 

 

As seen in Figure 10 the behaviour of sulfuric acid is similar in the experiments as the 

breakthrough starts at 0,9 BV and the endpoints are reached at 1,4-1,5 BV. The dip can be 

seen more clearly for experiment 1 at approximately 2,6 BV, while it is almost unnoticeable 

for experiment 2. From Table 9 it is clear that the recovery for both experiments is similar, 

with a slightly higher value for experiment 2. 

4.1.2 H2SO4 + HF 

The results of the evaluation of H2SO4 and HF are presented in Figure 11. Experiment 1 was 

performed with 1 M H2SO4 and 0,5 M HF, experiment 2 with 3 M H2SO4 and 2 M HF. Both 

experiments were performed in column 1 with SBA 1 as resin. 
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Figure 11. Acid evaluation of H2SO4 and HF. Experiment 1: 1 M H2SO4 + 0,5 M HF, experiment 2: 3 M H2SO4 + 2 M HF. 

The recovery of acids from the experiments is presented in Table 10. 

Table 10. Recovery of H2SO4 and HF. 

Recovery H2SO4 % HF % 

Experiment 1 103,0 89,3 

Experiment 2 99,7 99,1 

 

As seen in Figure 11 the overall behaviour of sulfuric acid in the experiments is similar as the 

breakthrough starts at 1,7-1,8 BV and the endpoints are reached at approximately 2,5 BV. The 

dip is clearer for experiment 1, and the decrease in concentration is smooth for both 

experiments. The beginning of the cycle (before the dip) holds most similarities in the 

behaviour of hydrofluoric acid with a breakthrough starting at approximately 1,8 BV. As the 

sulfuric acid reaches its endpoint, the concentration of hydrofluoric in experiment 2 increases 

even more. As seen in Table 10 the recovery of sulfuric acid is almost identical for the 

experiments while the recovery of hydrofluoric acid is higher for experiment 2. 

4.1.3 HNO3 + HF 

The results of the evaluation of HNO3 and HF are presented in Figure 12. Experiment 1 was 

performed with 1 M HNO3 and 0,5 M HF, experiment 2 with 3 M HNO3 and 2 M HF. Both 

experiments were performed in column 1 with SBA 1 as resin. 
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Figure 12. Acid evaluation of HNO3 and HF.  Experiment 1: 1 M HNO3 + 0,5 M HF, experiment 2: 3 M HNO3 + 2 M HF. 

The recovery of acids from the experiments is presented in Table 11. 

Table 11. Recovery of HNO3 and HF. 

Recovery HNO3 % HF % 

Experiment 1 70,4 115,5 

Experiment 2 64,9 83,4 

 

As shown in Figure 12, the starting values of the acids in experiment 1 are higher compared to 

experiment 2. Because of this, the breakthrough of nitric acid in experiment 1 starts a bit later 

compared to the breakthrough of nitric acid in experiment 2 (1,6 BV versus 2 BV). The 

endpoints are reached at approximately 2,5 and 3,2 BV for experiment 1 and experiment 2 

respectively. The decrease of nitric acid at the end of the cycle is smooth for both 

experiments. The behaviour of hydrofluoric acid for breakthrough and endpoint in the 

experiments is similar to the behaviour of nitric acid. Table 11 shows that the recovery of 

nitric acid is similar for the two experiments with a slightly higher value for experiment 1, and 

the recovery of hydrofluoric acid is much higher for experiment 1. 

4.1.4 Comparison between experiments 

One clear similarity in the experiment performed with the solutions containing sulfuric acid, 

experiment (i) and (ii), is the trend in the dip. The dip can be seen clearly for the experiments 

performed with low acid concentration (experiments 1), and it is almost unnoticeable for the 

experiments performed with high acid concentration (experiments 2). For the experiments 

performed with solutions containing hydrofluoric acid, experiments (ii) and (iii), the highest 

recovery of sulfuric and nitric acid is given during the experiments performed with low acid 

concentrations (experiments 1). 

4.2 Concentration dependence 

In all concentration dependence experiments the acid concentration was kept constant while 

the metal concentration was varied, this setup was used for both high and low acid- and metal 

concentration. 
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4.2.1 H2SO4 + FeSO4 

Low acid concentration, varied metal concentration 

The results from the concentration dependence experiments where the concentration of 

sulfuric acid was kept low and constant while two metal concentrations were tested are 

presented in Figure 13. 

 

Figure 13. Concentration dependence of H2SO4 with low acid concentration. Experiment 1.1: 1 M H2SO4 + 15 g/L Fe, 

experiment 2.1: 1 M H2SO4 + 80 g/L Fe. 

The recovery of acid and metal from the experiments is presented in Table 12. 

Table 12. Recovery of H2SO4 and metal. 

Recovery H2SO4 % Metal % 

Experiment 1.1 115,8 123,2 

Experiment 2.1 132,6 109,9 

 

As seen in Figure 13 the breakthrough of sulfuric acid in experiment (1.1) starts at 0,6 BV and 

it is steep until the endpoint is reached at 1,3 BV. For experiment (2.1) the breakthrough also 

starts at 0,6 BV and the concentration increase is sharp until the endpoint is reached at 1,5 

BV. During the downstroke, the concentration decrease in both experiments is steep at the 

beginning followed by a smoother decrease. 

The behaviour of metal in the experiments is similar, with a steep concentration increase 

following the breakthrough curve and endpoint of nitric acid. From Table 12 it can be seen 

that the recovery of sulfuric acid is higher for experiment (2.1), while the recovery of metal is 

higher for experiment (1.1). 
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High acid concentration, varied metal concentration 

The results from the concentration dependence where the concentration of sulfuric acid was 

kept high and constant while two metal concentrations were tested are presented in Figure 14

 

Figure 14. Concentration dependence of H2SO4 with high acid concentration. Experiment 1.2: 3 M H2SO4 + 15 g/L Fe, 

experiment 2.2: 3 M H2SO4 + 80 g/L Fe. 

The recovery of acid and metal from the experiments is presented in Table 13. 

Table 13. Recovery of H2SO4 and metal. 

Recovery H2SO4 % Metal % 

Experiment 1.2 116,8 223,1 

Experiment 2.2 132,6 103,8 

 

As seen in Figure 14 the breakthrough of sulfuric acid in experiment (1.2) starts at 0,8 BV and 

increases sharply until the endpoint is reached at 1,5 BV. For experiment (2.2) the 

breakthrough of sulfuric acid starts at 0,6 BV, and the concentration increase is steep until the 

endpoint is reached at 1,5 BV. The breakthrough of metal in experiment (1.2) starts at 0,6 BV 

and increases sharply until the endpoint is reached at 1,2 BV. In experiment (2.2) the 

breakthrough of metal starts at 0,6 BV and increases sharply followed by a short decrease and 

then the endpoint at 1,8 BV.  

The dip (i.e. the change of flow direction) appears at different BV for the two experiments, for 

experiment (2.2) the dip appears approximately 0,5 BV later compared to experiment (1.2). 

Table 13 shows that the recovery of sulfuric acid is higher for experiment (2.2), while the 

metal recovery is higher for experiment (1.2). 

Comparison between experiments: high and low acid concentration 

The recovery of sulfuric acid in the experiments shows a similar relationship in the 

experiments performed with low metal concentration solutions, experiments (1.1) and (1.2), 

and the experiments performed with solutions containing high metal concentration, 
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experiments (2.1) and (2.2). The recovery of metal is most similar for the experiments 

performed with high metal concentration, experiments (2.1) and (2.2). The dip for the 

experiments performed with solutions containing low acid concentration, experiments (1.1) 

and (1.2), appears at almost the same BV, with experiment (2.1) at a slightly higher BV value. 

In the experiments performed with solutions containing high acid concentration, experiments 

(1.2) and (2.2), the dip appears later for experiment (2.2). 

4.2.2 H2SO4 + HF + FeSO4 

Low acid concentration, varied metal concentration 

The results from the concentration dependence where the concentration of sulfuric and 

hydrofluoric acid was kept low and constant while two metal concentrations were tested are 

presented in Figure 15. 

  

Figure 15. Concentration dependence of H2SO4 and HF with low acid concentration. Experiment 1.3: 1 M H2SO4 + 0,5 M 

HF + 15 g/L Fe, experiment 2.3: 1 M H2SO4 + 0,5 M HF + 40 g/L Fe. 

The overall recovery, the recovery for the upstroke and the downstroke of acids and metal 

from the experiments are presented in Table 14. 

Table 14. Overall recovery, recovery for the upstroke and recovery for the downstroke of H2SO4, HF, and metal. 

Overall recovery H2SO4 % HF % Metal % 

Experiment 1.3 110,8 101,8 134,0 

Experiment 2.3 133,0 101,3 118,5 

Recovery upstroke    
Experiment 1.3 57,0 43,8 84,1 

Experiment 2.3 78,1 42,8 83,2 

Recovery downstroke    
Experiment 1.3 53,2 57,8 49,8 

Experiment 2.3 54,4 58,4 35,3 

 

As shown in Figure 15 the overall trend for sulfuric acid in the experiments is similar with the 
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experiment performed with the solution containing low metal concentration, experiment (1.3), 

starting its breakthrough at 0,7 BV. For the experiment performed with the solution 

containing high metal concentration, experiment (2.3), the breakthrough also starts at 0,7 BV. 

Similar to the breakthrough, the endpoints start at the same value, 1,6 BV for both 

experiments. 

The behaviour of metal in the experiments is similar as the breakthrough starts at 0,7 for both 

experiments followed by the endpoint at 1,4 BV. The behaviour of hydrofluoric acid is also 

similar in both experiments. In the experiments, the breakthrough is softer compared to both 

the sulfuric acid and the metal, and no clear endpoint can be found. This similarity in 

behaviour is confirmed in the recovery (Table 14), where the values for the overall recovery 

of hydrofluoric acid are almost identical. The overall recovery of sulfuric acid is higher for 

the experiment performed with high metal concentration, experiment (2.3), while the overall 

recovery for metal is higher in the experiment performed with low metal concentration, 

experiment (1.3). In the upstroke, the recovery of hydrofluoric acid and metal is similar in the 

experiments, while the recovery of sulfuric acid is higher in experiment (2.3). In the 

downstroke, the recovery of sulfuric and hydrofluoric acid is similar in the experiments and 

the recovery of metal is higher for experiment (1.3). 

Compared to the recovery values for acid and metal from the ideal curve, none of experiment 

(1.3) and (2.3) gives a satisfying result, as the recovery of sulfuric acid is highest in the 

upstroke. The recovery of metal in the experiments is significantly higher in the upstroke 

which conforms to the ideal curve, but the values are still quite high in the downstroke. 

High acid concentration, varied metal concentration 

The results from the concentration dependence where the concentration of sulfuric and 

hydrofluoric acid was kept high and constant while two metal concentrations were tested are 

presented in Figure 16. 
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Figure 16. Concentration dependence of H2SO4 and HF with high acid concentration. Experiment 1.4: 3 M H2SO4 + 2 M HF 

+ 15 g/L Fe, experiment 2.4: 3 M H2SO4 + 2 M HF + 40 g/L Fe. 

The overall recovery, the recovery for the upstroke and the downstroke of acids and metal 

from the experiments are presented in Table 15. 

Table 15. Overall recovery, recovery for the upstroke and recovery for the downstroke of H2SO4, HF, and metal. 

Overall recovery H2SO4 % HF % Metal % 

Experiment 1.4 113,2 101,8 175,7 

Experiment 2.4 124,2 108,3 121,9 

Recovery upstroke    
Experiment 1.4 65,5 42,9 100,3 

Experiment 2.4 78,6 49,1 76,2 

Recovery downstroke    
Experiment 1.4 47,8 58,7 75,5 

Experiment 2.4 51,2 58,9 45,7 

 

In Figure 16 the overall trend for sulfuric acid in the experiments is similar during the first 

part of the cycle with a sharp breakthrough at 0,7 BV followed by the endpoint at 1,3 BV. The 

behaviour of metal is also similar in the experiments, with a sharp breakthrough at 0,7 BV and 

the endpoint is reached at 1,2 BV. The metal concentration in experiment (1.4) reaches a 

small peak during 1,2 and 1,5 BV, a behaviour that cannot be seen in experiment (2.4). 

The breakthrough of hydrofluoric acid starts 1 BV followed by the endpoint at approximately 

1,5 BV. However, the endpoint is not as clear as it is for sulfuric acid. As seen in Table 15 the 

overall recovery values for hydrofluoric acid are similar in the experiments. The overall 

recovery of sulfuric acid is higher for experiment (2.4) while the overall metal recovery is 

higher for experiment (1.4). 

0

10

20

30

40

50

60

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

0 1 2 3 4 5 6

M
et

al
 [

g/
L]

A
ci

d
 [

M
]

BV

Metal concentration dependence H2SO4 + HF: high acid 
concentration

H2SO4 experiment 1.4 H2SO4 experiment 2.4
HF experiment 1.4 HF experiment 2.4
Metal experiment 1.4 Metal experiment 2.4



32 

 

In the upstroke, experiment (2.4) holds the highest recovery values for sulfuric and 

hydrofluoric acid, while the recovery of metal is highest for experiment (1.4). The recovery 

values for sulfuric acid and metal differ in the experiments, only the values for hydrofluoric 

are somewhat similar. In the downstroke, the recovery values for sulfuric and hydrofluoric 

acid show more similarity in the experiment, with experiment (2.4) having slightly higher 

values. However, the recovery value for metal is much higher in experiment (1.4).  

Comparing the recovery values in the upstroke and downstroke to the recovery values from 

the ideal curve, the main difference is the trend for sulfuric acid which has the highest 

recovery values in the upstroke. However, the hydrofluoric acid and metal correspond to the 

same behaviour as the ideal curve, with the highest recovery of metal in the upstroke and 

highest recovery of hydrofluoric acid in the downstroke. 

Comparison between experiments: high and low acid concentration 

The main difference in Figure 15 and Figure 16 is the behaviour of sulfuric acid. The 

experiments performed with high acid concentration, experiment (1.4) and (2.4), shows more 

coherent behaviour during the full cycle compared to the experiments performed with low 

acid concentration, experiment (1.3) and (2.3). The overall recovery of hydrofluoric acid is 

similar for all experiments, in experiment (1.3) and (2.3) the difference is almost none. The 

overall recovery of sulfuric acid and metal is also similar in the experiments, with 

experiments (1.4) and (2.4) generally having overall higher recovery values. A similarity 

between the high and low acid concentration experiments can be found in the experiments 

performed with low metal concentration, experiments (1.3) and (1.4), holding the highest 

values for metal recovery and lowest values for the overall recovery of acids. When 

comparing the results from the experiments to the behaviour of the ideal curve, it is clear that 

the behaviour of acids and metal in the performed experiments shows few similarities to the 

behaviour of acid and metal in the ideal curve. All four experiments have the highest recovery 

of sulfuric acid in the upstroke and the highest recovery of hydrofluoric in the downstroke. 

However, the recovery of metal in the experiments is higher in the upstroke, which is 

desirable behaviour. 

The appearance of the dip differs depending on the metal content, in the experiments 

performed with high metal content, experiment (2.3) and (2.4), the dip appears at a higher BV 

compared to the experiments performed with low metal content, experiment (1.3) and (1.4). 

All tests were performed in a similar manner with a pump velocity of 2 BV/3 min. 

4.2.3 HNO3 + HF + Fe(NO3)3 

Low acid concentration, varied metal concentration 

The results from the concentration dependence where the concentration of nitric and 

hydrofluoric acid was kept low and constant while two metal concentrations were tested are 
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presented in Figure 17.

 

Figure 17. Concentration dependence of HNO3 and HF with low acid concentration. Experiment 1.5: 1 M HNO3 + 0,5 M HF 

+ 15 g/L Fe, experiment 2.5: 1 M HNO3 + 0,5 M HF + 35 g/L Fe. 

The overall recovery, the recovery for the upstroke and the downstroke of acids and metal 

from the experiments are presented in Table 16. 

Table 16. Overall recovery, recovery for the upstroke and recovery for the downstroke of HNO3, HF, and metal. 

Overall recovery HNO3 % HF % Metal % 

Experiment 1.5 113,3 18,8 81,5 

Experiment 2.5 196,3 - 62,2 

Recovery upstroke    
Experiment 1.5 64,2 13,0 68,2 

Experiment 2.5 110,4 - 44,6 

Recovery downstroke    
Experiment 1.5 49,6 5,9 13,4 

Experiment 2.5 84,6 - 17,6 

 

As shown in Figure 17 the behaviour of nitric acid in both experiments is similar, with a sharp 

breakthrough at 1 BV followed by the endpoint at approximately 1.4 BV. However, the 

endpoint is not very clear as the nitric acid increase slightly up to the dip. The metal 

concentration shows a sharp breakthrough at 0,7 BV for experiment (1.5) and 0,5 BV for 

experiment (2.5). For experiment (1.5) the endpoint is reached at 1,4 BV followed by a 

concentration decrease until the dip. In experiment (2.5) the endpoint is reached at 1 BV and 

the concentration slightly decreases but is kept on a stable level. No dip can be seen, instead, 

it seems at the metal concentration increases slightly at 3 BV where the dip is located for 

nitric acid. 
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In experiment (1.5) the breakthrough of hydrofluoric acid starts at 1,3 BV followed by the 

endpoint at 1,7 BV. No values for the hydrofluoric acid are plotted for experiment (2.5), as all 

values were reported negative from the analysis system. As seen in Table 16 the overall 

recovery of hydrofluoric acid for experiment (1.5) is low. Experiment (2.5) holds the highest 

recovery value for nitric acid in the upstroke, and the value is significantly higher compared 

to experiment (1.5), which instead holds the highest recovery value for the metal. The trend in 

the recovery of metal in the experiments is consistent with the trend from the ideal curve, with 

higher recovery values in the upstroke. However, the recovery of nitric acid is highest in the 

upstroke for both experiments. 

 

High acid concentration, varied metal concentration 

The results from the concentration dependence where the concentration of nitric and 

hydrofluoric acid was kept high and constant while two metal concentrations were tested are 

presented in Figure 18. 

 

Figure 18. Concentration dependence of HNO3 and HF with high acid concentration. Experiment 1.6: 3 M HNO3 + 2 M HF 

+ 15 g/L Fe, experiment 2.6: 3 M HNO3 + 2 M HF + 35 g/L Fe. 

The overall recovery, the recovery for the upstroke and the downstroke of acid and metal 

from the experiments are presented in Table 17. 

Table 17. Overall recovery, recovery for the upstroke and recovery for the downstroke of HNO3, HF, and metal. 

Overall recovery HNO3 % HF % Metal % 

Experiment 1.6 117,0 66,6 17,5 

Experiment 2.6 131,1 38,4 62,4 

Recovery upstroke    

Experiment 1.6 61,6 33,3 15,0 

Experiment 2.6 74,2 23,6 49,7 

Recovery downstroke    

Experiment 1.6 55,7 33,5 2,4 

Experiment 2.6 58,2 16,1 14,1 
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As seen in Figure 18 the behaviour of nitric acid in the experiments is almost identical during 

the first part of the cycle with a breakthrough at 0,8 BV followed by the endpoint at 1,6 BV. 

The same similarity in behaviour between the experiments is found for metal, with a sharp 

breakthrough at 0,7 BV followed by a top level at the endpoint, at 1 BV for experiment (1.6) 

and 1,1 BV for experiment (2.6).  

In both experiments, the hydrofluoric acid reaches its breakthrough at 1 BV followed by the 

endpoint at 1,6 BV. As seen in Table 17 the overall recovery of hydrofluoric acid is 

significantly higher for experiment (1.6), while for experiment (2.6) the overall recovery of 

both nitric acid and metal is higher. In the upstroke, experiment (2.6) holds the highest 

recovery values of nitric acid and metal, and the recovery of metal is significantly higher 

compared to experiment (1.6). Similar to the upstroke, experiment (2.6) holds the highest 

recovery values of nitric acid and metal in the downstroke. 

Comparison between experiments: high and low acid concentration 

The recovery of nitric and hydrofluoric acid shows similar trends in the experiments with the 

highest overall recovery values of nitric acid in the experiments performed with solutions 

containing high metal concentration, experiments (2.5) and (2.6). The highest overall recovery 

values of hydrofluoric acid are found in the experiments performed with solutions containing 

low metal concentration, experiments (1.5) and (1.6). The recovery of the metal varies in the 

experiments, in the experiments performed with solutions containing low acid concentration, 

experiments (1.5) and (1.6), the highest overall recovery value for metal is found in 

experiment (1.5), which contains low metal content. For the experiments performed with 

solutions containing high acid concentration, experiments (2.5) and (2.6), the highest overall 

recovery value is found in experiment (2.6), which contains high metal content. Similar to 

previous concentration dependence experiments performed with solutions containing sulfuric 

acid, the dip appears later for the nitric acid experiments performed with solutions containing 

high metal concentration, experiments (2.5) and (2.6). 

4.2.4 Comparison between experiments 

Few similarities can be found regarding the ideal cure for the experiments performed with 

solutions containing sulfuric acid and metal, solutions (i) and (ii). In the experiment 

performed with solution (ii) the recovery of metal in highest in the upstroke, however, the 

recovery of sulfuric acid is also highest in the upstroke contrary to the behaviour in the ideal 

curve. It is therefore clear when comparing the performed concentration experiments to the 

ideal curve and the desired behaviour of acids and metal, that the experiments performed with 

nitric acid, hydrofluoric acid and metal, solution (iii), mostly resemble the ideal curve. 

In these experiments, the highest recovery of metal is found in the upstroke. However, the 

recovery values of nitric acid are also highest in the upstroke. With regards to acid and metal 

behaviour, it seems as the experiments (1.5) and (2.6) give the best separation of acid and 

metal. In these experiments, the breakthrough of metal is sharp and shortly after the endpoint 

is reached the metal concentration decreases fast, contrary to the metal behaviour in solution 

(i) and (ii). Experiment (1.5) and (2.6) shows the most potential to behave similarly to the 

behaviour of acid and metal in the ideal curve. By altering the flow rate of spent pickling 
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solution and water into the column, it should be possible to get results that show the same 

trends as the ideal curve. 

4.3 Resin comparison 

4.3.1 H2SO4 + FeSO4 

The results from the resin comparison experiment performed with a solution containing 1 M 

H2SO4 and 15 g/L Fe, are presented in Figure 19. 

 

Figure 19. Resin comparison: experiment 1: SBA 1, 1 M H2SO4 + 15 g/L Fe. Experiment 2: SBA 2, 1 M H2SO4 + 15 g/L Fe. 

The recovery of acid and metal from the experiments is presented in Table 18. 

Table 18. Recovery of H2SO4 and metal. 

Recovery H2SO4 % Metal % 

Experiment 1 110,3 70,8 

Experiment 2 100,1 74,7 

 

As seen in Figure 19 the behaviour of sulfuric acid in the experiments is similar, with the 

breakthrough starting at 0,7 BV followed by the endpoint at approximately 2 BV. The 

behaviour of metal in the experiments is also similar, with the breakthrough starting at 0,9 

BV. For experiment (1) the endpoint is reached at 2 BV, while for experiment (2) the 

endpoint is reached at 2,6 BV. For experiment (2) the dip in metal concentration follows the 

dip in sulfuric acid in the same experiment. For experiment (1) the dip in metal concentration 

occurs 2,6 BV while the dip for sulfuric acid occurs at 4 BV. 

As seen in Table 18 the recovery of both sulfuric acid and metal for the experiments is overall 

similar, with a slightly higher value for sulfuric acid recovery in experiment (1), while the 

metal recovery is slightly higher for experiment (2). 
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4.3.2 H2SO4 + HF + FeSO4 

The results from the resin comparison experiment performed with a solution containing 1 M 

H2SO4, 0,5 M HF and 15 g/L Fe, are presented in Figure 20. 

 

Figure 20. Resin comparison: experiment 1: SBA 1, 1 M H2SO4 + 0,5 M HF + 15 g/L Fe. Experiment 2: SBA 2, 1 M H2SO4 + 

0,5 M HF + 15 g/L Fe. 

The recovery of acids and metal from the experiments is presented in Table 19. 

Table 19. Recovery of H2SO4, HF, and metal. 

Recovery H2SO4 % HF % Metal % 

Experiment 1 113,4 95,0 100,6 

Experiment 2 96,7 85,9 117,7 

 

As seen in Figure 20 the behaviour of sulfuric acid in the experiments is similar with the 

breakthrough starting at 1,1 BV followed by the endpoint at approximately 2,8 BV. The 

overall trend for the metal in the experiments is similar as the breakthrough starts at 1,4 BV 

followed by the endpoint at 2,9 BV. The behaviour of hydrofluoric acid is similar with the 

start of the breakthrough at 1,4 BV and the endpoint at 2,9 BV. 

The recovery values for the acids and metal are similar in the experiments, as seen in Table 

19. Experiment (1) holds the highest recovery of sulfuric acid and hydrofluoric acid, while the 

metal recovery is highest for experiment (2). 
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4.3.3 HNO3 + HF + Fe(NO3)3 

The results from the resin comparison experiment performed with a solution containing 1 M 

HNO3, 0,5 M HF and 15 g/L Fe, are presented in Figure 21.

 

Figure 21. Resin comparison: experiment 1: SBA 1, 1 M HNO3 + 0,5 M HF + 15 g/L Fe. Experiment 2: SBA 2, 1 M HNO3 + 

0,5 M HF + 15 g/L Fe. 

The recovery of acids and metal from the experiments is presented in Table 20. 

Table 20. Recovery of HNO3, HF, and metal. 

Recovery HNO3 % HF % Metal % 

Experiment 1 134,8 47,2 87,4 

Experiment 2 107,6 25,6 74,5 

 

A seen in Figure 21 the behaviour of nitric acid in the experiments is similar with the start of 

the breakthrough at 1,4 BV followed by the endpoint at 3 BV. The starting values of acids and 

metal in experiment (1) are higher compared to experiment (2), and they are also higher than 

the starting values from the experiments performed with sulfuric acid. Overall the 

concentration of nitric acid and metal are slightly higher for experiment (1) compared to 

experiment (2) during most of the cycle. The behaviour of the metal in the experiment is 

similar with the breakthrough at 1,3 BV followed by the endpoint at 2,2 BV. 

The trend for hydrofluoric acid in the experiments is similar with the breakthrough at 1,8 BV 

followed by the endpoint at 3,1 BV. As seen in Table 20 experiment (1) holds the highest 

recovery values for both acids and metal, the largest difference being in the recovery of nitric 

acid. 

4.3.4 Comparison between experiments  

The most striking similarity in the resin comparison experiments is the behaviour of sulfuric 

and nitric acid, the acids behave almost identical regardless of the resin used. However, the 

behaviour of metal is different in the column and the experiments performed with solution (i) 
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shows the most difference. In the experiments performed with sulfuric acid, solutions (i) and 

(ii), the recovery of sulfuric acid is higher for the experiment performed with SBA 1, while 

the recovery of metal is higher for the experiments performed with SBA 2. For the 

experiments performed with nitric acid, the highest recovery values for acids and metal are 

found in the experiment with SBA 1. 

Compared to the ideal curve, the best separation of acid and metal is given in the experiment 

performed with the solution containing nitric acid, solution (iii), as the recovery of metal in 

these experiments are higher in the upstroke compared to the other resin comparison 

experiments. This result is consistent with the previous results from the concentration 

dependence experiments. For the experiments performed with solution (iii), the experiment 

performed with SBA 1 (experiment 1), gives the best separation of metal. In experiment 1, the 

highest metal concentration is found in the upstroke, and the concentration rapidly decreases 

after the top level is reached. However, the nitric acid concentration is high in this part of the 

cycle, which is not consistent with the result from the ideal curve. 

4.4 Bed height 

4.4.1 H2SO4 + FeSO4 

The results from the first bed height experiment performed with a solution containing 1 M 

H2SO4 and 15 g/L Fe, are presented in Figure 22. 

 

Figure 22. Bed height comparison: experiment 1: column 1, 1 M H2SO4 + 15 g/L Fe. Experiment 2: column 2, 1 M H2SO4 + 

15 g/L Fe. 

The recovery of acid and metal from the experiments is presented in Table 21. 
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Table 21. Recovery of H2SO4 and metal. 

Recovery H2SO4 % Metal % 

Experiment 1 110,3 70,8 

Experiment 2 115,8 123,2 

 

As seen in Figure 22 the breakthrough of sulfuric acid starts at 0,7 BV for both experiments. 

In experiment 1 the endpoint is reached at 2 BV, for experiment 2 the endpoint is reached at 

1,4 BV. The breakthrough of metal also starts at 0,7 BV and the endpoint is reached at 2 BV, 

however, the concentration increases to a top level at the end of the cycle. For experiment 2 

the endpoint is reached at 1,4 BV. As seen in Table 21 the recovery of sulfuric acid is similar 

for the experiments, while the recovery of metal is higher for experiment 2. 

4.4.2 H2SO4 + HF + FeSO4 

The results from the second bed height experiment performed with a solution containing 1 M 

H2SO4, 0,5 M HF and 15 g/L Fe, are presented in Figure 23.  

 

Figure 23. Bed height comparison: experiment 1: column 1, 1 M H2SO4 + 0,5 M HF +15 g/L Fe. Experiment 2: column 2, 1 

M H2SO4 + 0,5 M HF + 15 g/L Fe. 

The recovery of acids and metal from the experiments is presented in Table 22. 

Table 22. Recovery of H2SO4, HF, and metal. 

Recovery H2SO4 % HF % Metal % 

Experiment 1 113,4 95,0 100,6 

Experiment 2 110,8 101,8 134,0 

 

As seen in Figure 23 the breakthrough of sulfuric acid starts at 1 BV and for experiment 1 the 

endpoint is reached at 2,5 BV. For experiment 2 the endpoint is reached at 1,6 BV. In 

experiment 1 the breakthrough starts at 1,2 BV followed by the endpoint at 2,9 BV. The 

breakthrough of metal in experiment 2 starts at 0,7 BV followed by the endpoint at 1,4 BV. 
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The breakthrough of hydrofluoric acid starts at 1,2 BV for experiment and 0,7 BV for 

experiment 2 followed by the endpoint at 2,9 BV for experiment 1 and 2,5 BV for experiment 

2. As seen in Table 22 the recovery values of acids are similar in the experiments, and the 

recovery of metal is higher for experiment 2. 

4.4.3 HNO3 + HF + Fe(NO3)3 

The results from the third bed height experiment performed with a solution containing 1 M 

HNO3, 0,5 M HF and 15 g/L Fe, are presented in Figure 24. 

 

Figure 24. Bed height comparison: experiment 1: column 1, 1 M HNO3 + 0,5 M HF +15 g/L Fe. Experiment 2: column 2, 1 

M HNO3 + 0,5 M HF + 15 g/L Fe. 

The recovery of acids and metal from the experiments is presented in Table 23. 

Table 23. Recovery of HNO3, HF, and metal. 

Recovery HNO3 % HF % Metal % 

Experiment 1 134,8 47,2 87,4 

Experiment 2 113,3 18,8 81,5 

 

A seen in Figure 24 the nitric acid in experiment 1 starts at a higher level compared to the 

nitric acid in experiment 2. A decrease follows and at 1,3 BV the breakthrough starts for 

experiment 1, followed by the endpoint at 2,6 BV. In experiment 2 the breakthrough starts at 

1 BV followed by the endpoint at 2,5 BV. In experiment 1 the breakthrough of metal starts at 

1,3 BV followed by the endpoint at 2 BV. The breakthrough of metal in experiment 2 starts at 

0,7 BV followed by the endpoint at 1,4 BV. 

Similar to the nitric acid in experiment 1, the hydrofluoric acid starts at a higher level 

followed by a decrease. Because of this, no breakthrough can be seen, instead, the endpoint is 

found at 2 BV. For experiment 2 the breakthrough of hydrofluoric acid starts at 1 BV 

followed by the endpoint at 1,7 BV. As seen in Table 23 the recovery of hydrofluoric acid is 
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higher for experiment 1. The recovery value of the metal is similar in the experiments with a 

slightly higher value for experiment 1, and the recovery of nitric acid is also higher for 

experiment 1. 

4.4.4 Comparison between the experiments 

The main difference in the bed height experiments is at which BV the separation occurs in the 

different columns. For all bed height experiments, the experiments performed in column 1 (10 

cm) occurs at a higher BV compared to the experiments performed in column 2 (30 cm). This 

indicates that column 1 needs more solution (both synthetic spent pickling solution for the 

upstroke and water for the downstroke) added before separation occurs. Because of this, the 

experiments performed in column 1 takes longer to perform. This can indicate that column 1 

is too short and adequate acid and metal separation are not achieved. 

Similar to all other experiments performed, the experiments where nitric acid is used (third 

bed height experiment) gives the best separation of acid and metal. In these experiments, the 

behaviour of acid and metal is most similar to the behaviour found in the ideal curve. 

4.5 Ideal curve 

As discussed in 2.2.8 Ion exchange reactions, no further ion exchange can take place when the 

endpoint is reached, and at that point the resin needs to be regenerated. To optimize the 

experiments and to be able to reach similar trends to the ideal curve, the setup for the 

experiments in this thesis could be modified. For example, the upstroke in experiment 1.2 in 

Figure 14 should stop after 1,3 BV of synthetical spent pickling solution is pumped into the 

column. In experiment 2.2 the upstroke should stop after 1,5 BV is pumped in, as the metal 

reaches its endpoint after this step. 
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5 Conclusions 
Based on the questions presented in the introduction the following conclusions were drawn. 

Acid evaluation: How do the different acids behave in the acid retardation? 

It seems as a concentration difference in sulfuric acid does not have a big impact on the 

behaviour of the sulfuric acid in the column. However, the addition of hydrofluoric acid 

affects the behaviour of sulfuric acid. The behaviour of hydrofluoric acid differs depending on 

the concentration of sulfuric acid, this indicates that the concentration of sulfuric acid affects 

the behaviour of hydrofluoric acid. The recovery and behaviour of nitric acid show an overall 

similarity while the behaviour of hydrofluoric acid is similar. However, the recovery values 

differ which indicate that the concentration of nitric acid affects the behaviour of hydrofluoric 

acid. 

Concentration dependence: How do different concentrations of acid and metals affect the 

separation? 

The concentration dependence experiments show the same result, in the experiments 

performed with solutions containing high metal content, the recovery of sulfuric and nitric 

acid is higher, while the solutions containing low metal content shows a lower recovery of 

sulfuric and nitric acid. In the experiments performed with the solution containing H2SO4 + 

HF + FeSO4, solution (ii), the behaviour and overall recovery of hydrofluoric acid are similar 

independent of acid and metal concentration. The behaviour and overall recovery of sulfuric 

acid and metal are similar to the previous experiments performed with sulfuric acid and metal, 

solution (i). This indicates that the addition of hydrofluoric acid does not have a big effect on 

the behaviour of sulfuric acid and metal. 

When comparing the recovery of the experiments performed with solution (ii) to the 

experiments performed with the solution containing HNO3 + HF + Fe(NO3)3, solution (iii), a 

significant difference in the overall recovery of hydrofluoric acid is found. In the experiments 

performed with solution (ii), most of the hydrofluoric acid is recovered, while for the 

experiments performed with solution (iii) the recovery values are significantly smaller. The 

experiments performed with solution (iii) have lower overall recovery of hydrofluoric acid, 

this can indicate that hydrofluoric acid has a large effect on the behaviour of nitric acid. 

Resin comparison: Is there a difference in the results from different resin types? 

The most striking similarity in the resin comparison experiments is the similarity in the 

behaviour of sulfuric and nitric acid independent of the resin used. For the experiments 

performed with the solutions containing sulfuric acid, solution (i) and (ii), the same trend in 

recovery is shown, with the higher recovery of sulfuric acid for SBA 1, while SBA 2 holds the 

highest metal recovery. This shows that there is no difference in the performance of the resins 

regarding the behaviour and recovery of sulfuric acid. For the experiments performed with the 

solution containing nitric acid, solution (iii), SBA 1 has higher recovery values for both acids 

and metal. The behaviour of metal in the experiments differs depending on the resin used, 

with the experiments performed with solution (i) showing most differences. 

Bed height comparison: Does the height of the resin bed affect the separation of acids and 

metals? 
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The behaviour of acids and metals are more stable in column 2 (30 cm), with a sharper change 

in acid and metal behaviour. For column 1 (10 cm), the behaviour of acid and metal is 

smoother, which makes it harder to have sufficient separation. When comparing the recovery 

values from the performed experiments there is no clear pattern, as both column 1 and 2 holds 

the highest values. The results from the experiments indicate a difference in acid and metal 

separation in the two columns, i.e. the bed height influences the acid and metal separation. 

However, this might not be true for columns with other bed height, hence further bed height 

experiments need to be performed. 

Other conclusions 

The main issue with the results presented is the uncertainty regarding the analysis system and 

the reported results. As the analysis system is used for process control, the results might not 

be precise. However, this issue should have been solved before the experimental phase, with 

other analysis systems used or experimental work to find a correction factor between the 

reported values and the real values. 

The work performed in this thesis lays the ground for the calculation tool. There are still 

questions that need to be answered; if the bed height affects the acid retardation, does the 

resin comparison experiments need to be performed in a higher column? Or is it enough with 

the experiments performed (in column 1), given that only the performance of the resins 

needed to be evaluated? The question regarding bed height also affects the experiments 

performed with solutions containing hydrofluoric acid, solution (ii) and (iii), in the acid 

evaluation, since these experiments were performed with column 1. However, only the 

behaviour of the acids was to be examined, and this was achieved whilst using column 1. It 

might be enough to keep in mind that column 1 was used when evaluating these experiments. 

Another question that needs to be investigated is the appearance of the dip for the experiments 

containing high metal concentration. Further experimental work, as well as more literature 

studies, needs to be performed to find a satisfying answer.  



45 

 

6 Recommendations and further work 
To be able to build the calculation tool it is necessary to further investigate the optimization of 

the acid retardation. The topics and recommendations for future work are listed below. 

• To ensure that the bed height does not affect the acid retardation, acid retardation in a 

higher column needs to be investigated. It is suggested that a 50 cm (or higher) 

column and the 30 cm column (column 2) are tested together by using the same acid 

and metal solution. The tests should be performed at least twice to ensure 

comparability. 

 

• The acid and metal solutions used in the experiments was set to match the upper and 

lower limit for acid and metal concentration. It would, therefore, be interesting to 

further investigate different acid and metal concentrations to find the compositions for 

ideal separation. It would especially be interesting to vary the acid and metal content 

in the solutions containing nitric acid, hydrofluoric acid, and iron(III) nitrate, as they 

seem to give the best acid and metal separation. 

 

• To investigate how the geometric conditions affect the acid retardation, columns with 

a varied diameter and constant height should be tested. 

 

• As the experiments were performed by dry packing the resin, slurry packing and how 

this affects the acid retardation should be examined. 

 

• By varying the amount of spent pickling solution and water into the column optimal 

separation following closely the ideal curve should be achieved. It would also be 

interesting to vary the flow rate of spent pickling solution and water into the column to 

investigate if this affects the separation of acid and metal. To build the calculation tool 

it is, therefore, crucial to investigate and experimentally examine these topics. 

 

• In the resin comparison experiments, the synthetic spent pickling solutions tested were 

all low in acid and metal concentration. To further investigate the parameters of the 

two resins it is suggested that solutions with high acid and metal concentration are 

tested. 

 

• A different resin based on size exclusion chromatography (SEC resin) which can be 

used for high-valuable metals, such as titanium and zirconium should be investigated, 

as it would be beneficial if the separation of acid and metal performed by the SEC 

resin was included in the calculation tool. 
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Appendix 1 
Column packing procedure general: 

Resin bed column packing procedure 

Preparation: Use a column holder if there is existing one already. Otherwise, make a column holder 

first for later use. The clamp is Rörklammer d63. 

Step 1: Remove the tubes which connected to the top and bottom of the column. Use two 24# 

wrenches to lose the top and bottom screws for the old resin bed and remove the old column. Remove 

the old resin in the column or start with a new column. 

 

Step 2: Tighten the four screws on the bottom of the column. And put the column on the column 

holder, leave the top of the column open. 

Step 3: Use a small sample cup or glass beaker to transfer the resin from the sample bag to the inside of 

the column. After two or three cups, use the tool to press the resin down with force so that the resin is 

packed tightly 

Step 4: After around 4/5 of the column is packed with resin, add small amount of water on the top of 

the resin. The water can bring the resin down and fill some spaces between the resin. 

Step 5: When there is no water on top of the resin, add more resin, and use both hands to press a little 

bit. Then add more resin, and water.  

Step 6: When the column has been packed fully, put the column back into the holder, clean the top 

surface of the column, and try to remove the resin on the top surface as much as possible. Little water 

can be added on the top surface, then use tissue to remove the resin carefully. Then put the cushion on 

the top of the column and then screw the top of the column. Then fix the column in the holder. 

Step 7: First pump 1 BV water into the column in a top-down mode (open valve 3 and 6 and valve for 

water tank), run at 1 BV/3 min for around 5 minutes, and check the leakage and the tube connection. 

If there is leakage around the screws, stop the pump and tighten the screws. It is also important to 

check the connection of the tubes of acid reserve. Then increase the speed to 2 BV/3 min and let the 

pump run for around 10 minutes and check again the connection. 

Acid 

reserve  
Water reserve  

4 
1 

3 5 
2 

6 

7 
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Step 8: After checking the leakage, add 1 BV 1M acid into the acid reserve. Pump the acid in the 

column in the top-down direction (open valve 3 and 6 and valve for acid tank). Start from less than 1 

BV/3 min for 3 min, then increase to 1 BV/3 min and run for 5 min. Visible check the volume change 

of the resin. Then increase the speed to 2 BV/3 min, and then keep the pump running for another 15 

minutes.  

Step 9: Usually clear shrinkage can be seen after injection of acid. Lower down the speed to less than 

1,5 BV/3 min, and then less than 1 BV/3 min, and then close the PUMP. Open the valve 1 and 6 of 

the column and let the remaining acid flow out from resin bed. Use a waste bottle to store the acid 

from the resin bed.  

Step 10: After the acid has been drained from the resin bed, loosen the screws on the top of the 

column, open the lid and add some more resin until there is a small bump on top of resin, and then 

close the lid of the pilot. Run water again using speed from 1 BV/3 min to 2 BV/3 min like step 7 for 

around 10 minutes to check the leak. 

Step 11: Repeat Step 8 to 10 for 2-3 times so that the resin bed is fully packed without any gap from 

the top. Then open the valve for acid tank and remove the acid. Close the valve for acid tank and then 

clean the resin bed by transfer water from water tank through the resin bed and then go to waste bottle. 

3 or 4 bed volume of water need to be used to fully remove acid in the resin bed. 

Now the column has been packed well and been ready for the separation experiment. 

Note: 

1. The top and bottom of the column needs to be aligned. 

2. For the whole process, personal protection equipment is needed, gloves, goggles, dust mask, 

lab coat, fully covered trousers, closed shoes are all needed. Risk analysis is needed for 

unexperienced lab worker. 

3. Please be sure the acid has been drained first when open lid and add resin to column during 

step 10. 

4. It can also be helpful if the resin can be first put into 1M acid for 3-5 minutes and then put the 

shrinked resin on the top of the resin column for end column packing. But the lab worker 

needs to be very careful. 

5. The resins are small particles, vacuum cleaner is needed to clean the resins on the work region 

after the packing work. 

6. Acid may splash a little during the work. It needs to be cleaned timely by dry tissue. The acid 

waste needs to be poured in the right container. 

 

Table 1. Variation in flow for the columns. 

 Column no. 1 Column no. 2 

 1 BV=0,25 L 

2 BV/3 min= 10 L/h 

1 BV=0,74 L 

2 BV/3 min= 30 L/h 

Step 7 1 BV: 0,25 L water 

1 BV/3 min: 5 L/h 

2 BV/3 min: 10 L/h 

1 BV: 0,74 L water 

1 BV/3 min: 15 L/h 

2 BV/3 min: 30 L/h 

Step 8 1 BV: 0,25 L  

Less than 1 BV/3 min: 3 L/h 

1 BV/3 min: 5 L/h 

2 BV/3 min: 10 L/h 

1 BV 0,74 L  

Less than 1 BV/3 min: 12 

L/h 

1 BV/3 min: 15 L/h 

2 BV/3 min: 30 L/h 
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Step 9  Less than 1,5 BV/3 min: 7 

L/h 

Less than 1 BV/3 min: 3 L/h 

Less than 1,5 BV/3 min: 21 

L/h 

Less than 1 BV/3 min: 12 

L/h 

Step 10 1 BV/3 min: 5 L/h 

2 BV/3 min: 10 L/h 

1 BV/3 min: 15 L/h 

2 BV/3 min: 30 L/h 
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Appendix 2 
The results from the experiments are presented in the same order as in the result chapter. 

1. Acid evaluation 

i) H2SO4 

Table 24. Results sulfuric acid evaluation. 

Solution: 1M H2SO4 Solution: 3M H2SO4 

BV Acid [M] Metal [g/L] BV Acid [M] Metal [g/L] 

0,147366 0,43 2,6 0,127095 0,05 0 

0,343312 0,04 0 0,667636 0 0 

0,478447 0,04 - 0,809528 0,02 0 

0,620339 0,04 0,1 0,944663 0,56 4,8 

0,748717 0,04 0 1,079798 1,71 17,3 

0,883852 0,04 0 1,22169 2,55 22,5 

1,025744 0,24 0,3 1,363582 3 23,9 

1,154122 0,76 4,7 1,505474 3,26 25,9 

1,282501 0,99 8 1,654122 3,29 27 

1,417636 1,05 7,5 1,796014 3,33 27,3 

1,566285 1,07 7 1,937906 3,45 27,6 

1,70142 1,1 7 2,086555 3,47 27,7 

1,850068 1,09 7,7 2,268987 3,48 26,6 

1,985204 1,1 7,3 2,397366 3,53 27,3 

2,194663 1,09 8,3 2,68512 3,42 28,3 

2,489174 0,98 9 2,793228 3,41 29,2 

2,637823 0,95 9,3 2,93512 3,39 29,4 

2,772958 0,97 9 3,070255 3,36 28,8 

2,921607 1 9,8 3,218904 3,17 27,4 

3,063499 0,95 9,9 3,367553 2,56 25,2 

3,279715 0,73 6,4 3,502688 1,71 17,7 

3,41485 0,24 1 3,658093 1,01 9,5 

3,556742 0,19 0,3 3,799985 0,63 5,6 

3,691877 0,17 0 3,93512 0,47 2,8 

3,827012 0,15 0 4,043228 0,37 2,1 

3,982418 0,13 0 4,171607 0,32 0,6 

ii) H2SO4 + HF 

Table 25. Results sulfuric and hydrofluoric acid evaluation. 

Solution: 1M H2SO4+ 0,5M HF  Solution: 3M H2SO4+ 2M HF  

BV Acid [M] HF [M] Metal [g/L] BV Acid [M] HF [M] Metal [g/L] 

0,3962024 0,88 0,42 14,3 0,3762024 0,86 0,37 2,7 

1,1162024 0,12 0,05 0 1,3962024 0,08 0,04 0 

1,6162024 0,11 0,06 0 1,7762024 0,37 0,1 0 

2,0962024 0,43 0,12 0 2,1362024 1,99 0,59 14,1 

2,4762024 0,91 0,26 3,5 2,4962024 3,14 1,47 17,9 

3,1162024 1,03 0,38 3,9 3,1362024 3,5 2,08 18,6 

4,127956 0,79 0,35 2 4,067956 3,29 2,23 19 

4,707956 0,92 0,45 4,1 4,787956 2,88 2,1 17,3 

5,407956 0,64 0,36 0,4 5,287956 1,39 1,38 9,3 
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6,167956 0,31 0,18 0 5,707956 0,6 0,78 0 

6,527956 0,2 0,09 0 6,047956 0,39 0,43 0 

6,807956 0,16 0,06 0 6,627956 0,28 0,27 0 

iii) HNO3 + HF 

Table 26. Results nitric and hydrofluoric acid evaluation. 

Solution: 1M HNO3+ 0,5M HF  Solution: 3M H2SO4+ 2M HF  

BV Acid [M] HF [M] Metal [g/L] BV Acid [M] HF [M] Metal [g/L] 

0,4162024 2,97 1,73 16,2 0,4562024 0,52 0,38 0 

1,2562024 0,28 0,2 0 1,2562024 0,04 0,06 0 

1,7162024 0,28 0,2 0 1,6162024 0,13 0,09 0 

2,1162024 0,35 0,25 0 1,9962024 0,73 0,39 0 

2,5562024 0,56 0,37 0 2,3962024 1,59 1,03 0 

3,1562024 0,6 0,45 0 3,2162024 2,12 1,6 0 

4,047956 0,5 0,37 0 4,127956 1,33 1,12 0 

4,547956 0,67 0,47 0 4,767956 2,02 1,59 0 

5,127956 0,53 0,43 0 5,407956 1,51 1,27 0 

5,727956 0,22 0,31 0 5,907956 0,57 0,76 0 

6,227956 0,09 0,17 0 6,287956 0,23 0,49 0 

6,807956 0,04 0,08 0 6,887956 0,09 0,3 0 

2. Concentration dependence 

i) H2SO4 + FeSO4 

Table 27. Results concentration dependence experiment 1.1 and 2.1. 

Solution: 1M H2SO4+15 g/L Fe Solution: 1M H2SO4+ 80 g/L Fe 

BV Acid [M] Metal [g/L] BV Acid [M] Metal [g/L] 

0,147365676 0,18 0,7 0,147365676 1,76 23,7 

0,667635946 0,01 0,4 0,660879189 0,1 5,7 

0,816284595 0,1 10,6 0,796014324 0,19 51,2 

0,958176486 0,21 13,5 0,917635946 0,23 58,6 

1,100068378 0,58 16,8 1,066284595 0,29 62,1 

1,235203514 0,92 18,7 1,208176486 0,48 64,9 

1,356825135 1,06 19,7 1,363581892 0,85 69 

1,49196027 1,1 20 1,49196027 1,02 70,9 

1,627095405 1,11 19,9 1,640608919 1,08 72,3 

1,762230541 1,12 19,9 1,768987297 1,11 72,4 

1,897365676 1,13 20,1 1,910879189 1,11 73,1 

2,039257568 1,13 20,5 2,052771081 1,12 72,8 

2,174392703 1,13 20,7 2,20141973 1,12 73,3 

2,268987297 1,1 19,1 2,343311622 1,11 72,7 

2,577012162 0,75 11,1 2,49196027 1,12 72,1 

2,718904054 1,13 19,6 2,647365676 1,12 72,1 

2,867552703 1,14 20,2 2,823041351 1,1 73,4 

3,009444595 1,1 16,1 2,651336486 0,44 31 

3,16485 1,01 11,7 2,806741892 1,03 69,8 

3,306741892 0,76 4,9 2,982417568 1,08 71,3 

3,441877027 0,57 2,6 3,097282432 1,09 67,3 

3,583768919 0,44 0,4 3,232417568 1,04 51,6 

3,881066216 0,35 0 3,374309459 0,9 32,4 

4,022958108 0,29 0 3,509444595 0,68 17,2 

4,14457973 0,25 0 3,66485 0,43 6,6 

4,279714865 0,22 0 3,806741892 0,27 0,9 
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4,468904054 0,19 0 3,941877027 0,18 0,1 

4,66485 0,16 0 4,212147297 0,13 0 

4,840525676 0,14 0 4,482417568 0,09 0 

5,016201351 0,13 0 4,759444595 0,06 0 

5,293228378 0,11 0 5,036471622 0,05 0 
Table 28. Results concentration dependence experiment 1.2 and 2.2. 

Solution: 3M H2SO4+ 15 g/L Fe Solution: 3M H2SO4+ 80g/L Fe  

BV Acid [M] Metal [g/L] BV Acid [M] Metal [g/L] 

0,147365676 0,62 13,5 0,156805676 0,79 56,7 

0,633852162 0,02 0 0,643292162 0,13 8,4 

0,775744054 0,07 8,4 0,791940811 0,21 47,4 

0,910879189 0,58 15,6 0,933832703 0,35 59,9 

1,059527838 1,8 26,4 1,082481351 0,9 65 

1,20141973 2,77 29,9 1,237886757 2,23 72,8 

1,350068378 3,28 31,6 1,373021892 2,99 75 

1,485203514 3,49 32,8 1,541940811 3,44 76,2 

1,620338649 3,6 32,6 1,832481351 3,55 69,3 

1,748717027 3,7 32,2 1,967616486 4,18 71,2 

1,877095405 3,69 32,1 2,089238108 4,22 70,8 

2,018987297 3,68 32,8 2,23113 4,21 71,1 

2,167635946 3,7 32,6 2,454102973 4,25 70,8 

2,377095405 3,72 32,3 2,629778649 4,24 71,6 

2,666201351 1,18 19,6 2,928363514 1,95 47,4 

2,821606757 3,6 31,9 3,063498649 4 70,8 

2,970255405 3,71 31,9 3,205390541 4,13 69,8 

3,118904054 3,66 29,1 3,354039189 4,04 66 

3,260795946 3,11 24,7 3,482417568 3,7 55,6 

3,409444595 2,47 20,9 3,624309459 3,6 41,7 

3,56485 1,5 13,4 3,759444595 2,16 29,5 

3,720255405 0,81 6,7 3,89457973 1,3 17,9 

3,862147297 0,51 2,7 4,104039189 0,7 9 

3,997282432 0,37 1 4,360795946 0,42 3,5 

4,145931081 0,3 0,3 4,610795946 0,31 0,6 

4,281066216 0,26 0 4,867552703 0,22 0,1 

4,551336486 0,23 0 5,14457973 0,19 0 

4,774309459 0,2 0 5,408093243 0,17 0 

5,017552703 0,17 0 5,705390541 0,14 0 

5,260795946 0,15 0    
5,416201351 0,13 0    

ii) H2SO4 + HF + FeSO4 

Table 29. Results concentration dependence experiment 1.3 and 2.3. 

Solution: 1M H2SO4+ 0,5M HF +15 g/L Fe Solution: 1M H2SO4+ 0,5M HF +40 g/L Fe 

BV Acid [M] HF [M] Metal [g/L] BV Acid [M] HF [M] Metal [g/L] 

0,133852162 0,85 0,42 38,1 0,167635946 2,42 0 55,2 

0,694662973 0,1 0,03 0 0,687906216 0,14 0 4,4 

0,836554865 0,12 0,07 7,1 0,823041351 0,18 0 27,5 

0,958176486 0,12 0,13 8,3 0,958176486 0,23 0,02 31,6 

1,106825135 0,22 0,14 9,8 1,100068378 0,41 0,04 35,6 

1,248717027 0,59 0,17 15,8 1,248717027 0,83 0,08 39,5 

1,370338649 0,89 0,22 20,7 1,377095405 1,11 0,13 42,3 
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1,606825135 1,01 0,3 20,1 1,633852162 1,18 0,22 43,3 

1,998717027 1,02 0,38 21,7 2,046014324 1,15 0,34 41,8 

2,24196027 1,01 0,42 22,7 2,309527838 1,1 0,42 43,1 

2,518987297 1,02 0,47 22,4 2,546014324 1,1 0,47 42,8 

2,813498649 0,67 0,31 12,4 2,74196027 1,09 0,5 42,5 

2,948633784 1,01 0,49 21,5 3,049985135 0,7 0,31 24,5 

3,083768919 1,03 0,5 21,6 3,266201351 1,07 0,52 41,1 

3,212147297 1,03 0,5 19,6 3,509444595 1,08 0,52 38,8 

3,347282432 1 0,49 17,3 3,752687838 0,96 0,51 22,7 

3,516201351 0,88 0,47 11,2 3,887822973 0,72 0,45 8,2 

3,68512027 0,67 0,42 4,3 4,022958108 0,49 0,35 3,7 

3,840525676 0,49 0,36 1,5 4,171606757 0,4 0,3 0,5 

4,097282432 0,35 0,27 0 4,320255405 0,32 0,24 0 

4,367552703 0,27 0,18 0 4,455390541 0,27 0,19 0 

4,617552703 0,21 0,12 0 4,691877027 0,23 0,14 0 

4,867552703 0,19 0,08 0 4,955390541 0,19 0,09 0 

5,131066216 0,16 0,05 0 5,218904054 0,16 0,06 0 

    5,347282432 0,15 0,04 0 
Table 30. Results concentration dependence experiment 1.4 and 2.4. 

Solution: 3M H2SO4+ 2M HF +15 g/L Fe Solution: 3M H2SO4+ 2M HF +40 g/L Fe 

BV Acid [M] HF [M] Metal [g/L] BV Acid [M] HF [M] Metal [g/L] 

0,147365676 0,82 0 0,3 0,15412243 2,74 1,56 26,6 

0,708176486 0,06 0,01 0 0,66763595 0,08 0,07 0 

0,99196027 0,86 0,1 15,7 0,81628459 0,18 0,2 27,7 

1,120338649 2,72 0,54 26,1 0,93790622 0,72 0,16 37,1 

1,248717027 3,35 1,01 26,5 1,07304135 2,15 0,42 45,6 

1,383852162 3,5 1,33 30 1,19466297 3,16 0,82 48,8 

1,525744054 3,96 1,74 26 1,32304135 3,69 1,22 47,3 

2,187906216 3,89 2,07 25,9 2,30952784 3,95 1,95 47 

2,604039189 1,98 1,21 18,6 2,7121473 1,75 1,06 28,6 

2,732417568 3,75 2,37 28,4 2,84728243 3,95 2,3 47,5 

3,245931081 3,49 2,3 26,7 3,37430946 3,68 2,24 42,1 

3,381066216 2,28 1,95 17,7 3,52971486 2,43 1,92 22,5 

3,543228378 1,3 1,5 10,4 3,65809324 1,48 1,59 14,4 

3,671606757 0,7 1,11 2,3 3,78647162 0,83 1,21 7,3 

3,806741892 0,44 0,84 0,1 4,08376892 0,44 0,81 0,5 

4,671606757 0,22 0,41 0 4,81349865 0,24 0,38 0 

4,799985135 0,13 0,18 0 5,00268784 0,24 0,23 0 

5,022958108 0,22 0,2 0     
iii) HNO3 + HF + Fe(NO3)3 

Table 31. Results concentration dependence experiment 1.5 and 2.5. 

Solution: 1M HNO3+ 0,5M HF +15 g/L Fe Solution: 1M HNO3+ 0,5M HF + 35 g/L Fe 

BV Acid [M] HF [M] Metal [g/L] BV Acid [M] HF [M] Metal [g/L] 
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0,127095405 0,97 0,44 19,3 0,181149459 -0,05 -0,02 0 

0,743311622 0,07 0,02 0 0,518987297 -0,06 -0,02 0 

0,878446757 0,06 0,01 5,2 0,762230541 -0,01 -0,02 10,5 

1,006825135 0,09 0,01 8,9 0,904122432 0,15 -0,02 20,4 

1,14196027 0,25 0,03 13,4 1,059527838 0,41 -0,02 22,5 

1,263581892 0,56 0,05 16,2 1,194662973 0,8 -0,02 20,5 

1,398717027 0,82 0,08 18,9 1,329798108 1,28 -0,01 20 

1,655473784 0,96 0,1 18 2,100068378 1,74 -0,01 18,1 

2,027095405 1,02 0,11 16,8 2,377095405 1,84 -0,01 18,1 

2,263581892 1,09 0,1 14,5 2,498717027 1,87 -0,01 18,5 

2,452771081 1,15 0,09 11,8 2,74196027 1,87 -0,01 17,7 

2,60141973 1,16 0,08 10,4 3,036471622 1,77 -0,01 19,6 

2,743311622 0,76 0,05 4 3,266201351 1,86 -0,01 18,7 

3,071606757 1,18 0,07 7,7 3,482417568 1,88 -0,01 18,4 

3,247282432 1,19 0,07 8,8 3,786471622 1,83 -0,01 5,5 

3,422958108 1,2 0,07 7 4,597282432 0,53 -0,02 0 

3,571606757 1,17 0,07 4 4,874309459 0,01 -0,02 0 

3,740525676 1,01 0,06 0 5,151336486 -0,07 -0,02 0 

3,909444595 0,73 0,05 0 5,320255405 -0,07 -0,02 0 

4,172958108 0,23 0,03 0     
4,436471622 0,07 0,01 0     
4,693228378 0,04 0 0     
4,956741892 0,03 -0,01 0     
5,220255405 0,02 -0,01 0     

Table 32. Results concentration dependence experiment 1.6 and 2.6. 

Solution: 3M HNO3+ 2M HF +15 g/L Fe Solution: 3M HNO3+ 2M HF +35 g/L Fe 

BV Acid [M] HF [M] Metal [g/L] BV Acid [M] HF [M] Metal [g/L] 

0,167636 2,73 0,49 11,3 0,19466297 2,06 1,19 33,2 

0,694663 0,09 0,01 0 0,69466297 0,04 0,05 0 

0,97169 0,55 0,12 6 0,97169 0,43 0,14 25,6 

1,174393 1,86 0,56 4,2 1,11358189 1,63 0,42 34,4 

1,309528 2,93 1,01 2,8 1,30952784 2,58 0,61 28,8 

1,45142 3,32 1,23 2,3 1,44466297 3,22 0,71 23,5 

1,593312 3,52 1,3 1,9 1,57979811 3,45 0,71 21,9 

2,282501 3,54 1,34 2,8 2,52574405 3,66 0,66 17,8 

2,698634 2,24 0,86 0 2,94863378 2,57 0,47 10,2 

2,827012 3,65 1,137 2,8 3,09728243 3,83 0,66 15,4 

3,313499 3,66 1,35 0,7 3,61079595 3,74 0,64 11,2 

3,455391 3,37 1,19 0 3,75268784 3,24 0,5 2 

3,577012 2,9 0,97 0 3,89457973 2,55 0,38 0 

3,712147 2,16 0,72 0 4,04322838 1,72 0,28 0 

3,989174 0,97 0,47 0 4,32701216 0,72 0,19 0 

4,732418 0,1 0,22 0 5,01620135 0,08 0,08 0 

4,975661 0,1 0,09 0 5,21890405 0,09 0,03 0 

3. Resin comparison 

i) H2SO4 + FeSO4 

Table 33. Results resin comparison sulfuric acid and metal. 

Solution: 1M H2SO4 +15 g/L Fe, SBA 1 Solution: 1M H2SO4 +15 g/L Fe, SBA 2 

BV Acid [M] Metal [g/L] BV Acid [M] Metal [g/L] 

0,4162024 0,932 0 0,4162024 0,09 0 

0,6562024 0,05 0 0,8562024 0 0 
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1,0962024 0,19 2,1 1,2562024 0,28 2,03 

1,4762024 0,71 5,1 1,6362024 0,79 2,4 

1,9162024 0,96 9,6 2,0362024 0,92 6,5 

2,6162024 1,03 4,3 2,5762024 0,98 12,8 

3,567956 0,71 11,8 3,427956 0,57 8,2 

4,027956 0,97 17,7 3,827956 0,99 16,9 

4,407956 0,83 12,4 4,467956 0,85 12,4 

4,847956 0,58 5,7 5,167956 0,46 1,6 

5,287956 0,38 0,7 5,807956 0,22 0 

6,307956 0,24 0 6,387956 0,16 0 

ii) H2SO4 + HF + FeSO4 

Table 34. Results resin comparison sulfuric and hydrofluoric acid and metal. 

Solution: 1M H2SO4+ 0,5M HF +15 g/L Fe 

SBA 1   

Solution: 1M H2SO4 + 0,5 M HF +15 g/L Fe 

SBA 2  
BV Acid [M] HF [M] Metal [g/L] BV Acid [M] HF [M] Metal [g/L] 

0,4162024 1 0,08 5,3 0,3641448 0,8 0,01 13,3 

0,8762024 0,13 0,02 0 1,0241448 0,08 0,01 0 

1,2362024 0,23 0,03 0 1,4241448 0,09 0,01 1,4 

1,6162024 0,64 0,09 8,1 1,8041448 0,36 0,06 10,4 

2,1962024 0,98 0,27 13 2,2041448 0,89 0,22 16,7 

2,8562024 1,08 0,43 16,4 2,9441448 0,93 0,36 19,3 

3,727956 0,68 0,32 10,3 3,947956 0,66 0,29 11,9 

4,167956 0,97 0,48 16,2 4,447956 0,9 0,46 17,5 

5,287956 0,78 0,42 11,3 5,347956 0,77 0,43 11,5 

5,987956 0,37 0,26 0,1 5,947956 0,43 0,3 2,8 

6,367956 0,24 0,15 0 6,487956 0,22 0,16 0 

6,847956 0,19 0,09 0 7,107956 0,13 0,07 0 

iii) HNO3 + HF + Fe(NO3)3 

Table 35. Results resin comparison nitric and hydrofluoric acid and metal. 

Solution: 1M HNO3+ 0,5M HF +15 g/L Fe, SBA 1 Solution: 1M HNO3+ 0,5M HF +15 g/L Fe, SBA 2 

BV Acid [M] HF [M] Metal [g/L] BV Acid [M] HF [M] Metal [g/L] 

0,4162024 0,78 0,36 15 0,3762024 0,89 0,41 16,1 

0,9562024 0,59 0,33 4,6 0,9962024 0,09 0,06 0 

1,3362024 0,29 0,17 4,7 1,3762024 0,06 0,05 0 

1,7362024 0,54 0,11 13,9 1,7562024 0,24 0,05 7,5 

2,2162024 0,96 0,12 18,1 2,1562024 0,75 0,09 15,2 

2,9762024 1,11 0,1 11,4 3,1362024 1,03 0,1 14,2 

3,887956 0,81 0,06 4,4 4,027956 0,76 0,06 3,6 

4,347956 1,2 0,08 7 4,467956 1,17 0,07 6,3 

5,187956 1,03 0,08 5,5 5,347956 0,99 0,07 5,1 

5,867956 0,66 0,06 0 6,107956 0,57 0,05 0 

6,367956 0,2 0,03 0 6,627956 0,12 0,03 0 

7,107956 0,07 0,02 0 7,267956 0,02 0,02 0 

4. Bed height 

i) H2SO4 + FeSO4 

Table 36. Results bed height comparison sulfuric acid and metal. 

Solution: 1M H2SO4+ 15 g/L Fe, 

column 1 

Solution: 1M H2SO4+ 15 g/L Fe, 

column 2 

BV Acid [M] Metal [g/L] BV Acid [M] Metal [g/L] 
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0,4162024 0,932 0 0,147365676 0,18 0,7 

0,6562024 0,05 0 0,667635946 0,01 0,4 

1,0962024 0,19 2,1 0,816284595 0,1 10,6 

1,4762024 0,71 5,1 0,958176486 0,21 13,5 

1,9162024 0,96 9,6 1,100068378 0,58 16,8 

2,6162024 1,03 4,3 1,235203514 0,92 18,7 

3,567956 0,71 11,8 1,356825135 1,06 19,7 

4,027956 0,97 17,7 1,49196027 1,1 20 

4,407956 0,83 12,4 1,627095405 1,11 19,9 

4,847956 0,58 5,7 1,762230541 1,12 19,9 

5,287956 0,38 0,7 1,897365676 1,13 20,1 

6,307956 0,24 0 2,039257568 1,13 20,5 

   2,174392703 1,13 20,7 

   2,268987297 1,1 19,1 

   2,577012162 0,75 11,1 

   2,718904054 1,13 19,6 

   2,867552703 1,14 20,2 

   3,009444595 1,1 16,1 

   3,16485 1,01 11,7 

   3,306741892 0,76 4,9 

   3,441877027 0,57 2,6 

   3,583768919 0,44 0,4 

   3,881066216 0,35 0 

   4,022958108 0,29 0 

   4,14457973 0,25 0 

   4,279714865 0,22 0 

   4,468904054 0,19 0 

   4,66485 0,16 0 

   4,840525676 0,14 0 

   5,016201351 0,13 0 

   5,293228378 0,11 0 

ii) H2SO4 + HF + FeSO4 

Table 37. Results bed height comparison sulfuric and hydrofluoric acid and metal. 

Solution: 1M H2SO4+ 0,5M HF +15 g/L Fe, 

column 1 

Solution: 1M H2SO4+ 0,5M HF +15 g/L Fe, 

column 2 

BV Acid [M] HF [M] Metal [g/L] BV Acid [M] HF [M] Metal [g/L] 

0,4162024 1 0,08 5,3 0,133852162 0,85 0,42 38,1 

0,8762024 0,13 0,02 0 0,694662973 0,1 0,03 0 

1,2362024 0,23 0,03 0 0,836554865 0,12 0,07 7,1 

1,6162024 0,64 0,09 8,1 0,958176486 0,12 0,13 8,3 

2,1962024 0,98 0,27 13 1,106825135 0,22 0,14 9,8 

2,8562024 1,08 0,43 16,4 1,248717027 0,59 0,17 15,8 

3,727956 0,68 0,32 10,3 1,370338649 0,89 0,22 20,7 

4,167956 0,97 0,48 16,2 1,606825135 1,01 0,3 20,1 

5,287956 0,78 0,42 11,3 1,998717027 1,02 0,38 21,7 

5,987956 0,37 0,26 0,1 2,24196027 1,01 0,42 22,7 

6,367956 0,24 0,15 0 2,518987297 1,02 0,47 22,4 

6,847956 0,19 0,09 0 2,813498649 0,67 0,31 12,4 

    2,948633784 1,01 0,49 21,5 

    3,083768919 1,03 0,5 21,6 

    3,212147297 1,03 0,5 19,6 

    3,347282432 1 0,49 17,3 

    3,516201351 0,88 0,47 11,2 



58 

 

    3,68512027 0,67 0,42 4,3 

    3,840525676 0,49 0,36 1,5 

    4,097282432 0,35 0,27 0 

    4,367552703 0,27 0,18 0 

    4,617552703 0,21 0,12 0 

    4,867552703 0,19 0,08 0 

    5,131066216 0,16 0,05 0 

iii) HNO3 + HF + Fe(NO3)3 

Table 38. Results bed height comparison nitric and hydrofluoric acid and metal. 

Solution: 1M HNO3+ 0,5M HF +15 g/L Fe, 

column 1 

Solution: 1M HNO3+ 0,5M HF +15 g/L Fe, 

column 2 

BV Acid [M] HF [M] Metal [g/L] BV Acid [M] HF [M] Metal [g/L] 

0,4162024 0,78 0,36 15 0,127095405 0,97 0,44 19,3 

0,9562024 0,59 0,33 4,6 0,743311622 0,07 0,02 0 

1,3362024 0,29 0,17 4,7 0,878446757 0,06 0,01 5,2 

1,7362024 0,54 0,11 13,9 1,006825135 0,09 0,01 8,9 

2,2162024 0,96 0,12 18,1 1,14196027 0,25 0,03 13,4 

2,9762024 1,11 0,1 11,4 1,263581892 0,56 0,05 16,2 

3,887956 0,81 0,06 4,4 1,398717027 0,82 0,08 18,9 

4,347956 1,2 0,08 7 1,655473784 0,96 0,1 18 

5,187956 1,03 0,08 5,5 2,027095405 1,02 0,11 16,8 

5,867956 0,66 0,06 0 2,263581892 1,09 0,1 14,5 

6,367956 0,2 0,03 0 2,452771081 1,15 0,09 11,8 

7,107956 0,07 0,02 0 2,60141973 1,16 0,08 10,4 

    2,743311622 0,76 0,05 4 

    3,071606757 1,18 0,07 7,7 

    3,247282432 1,19 0,07 8,8 

    3,422958108 1,2 0,07 7 

    3,571606757 1,17 0,07 4 

    3,740525676 1,01 0,06 0 

    3,909444595 0,73 0,05 0 

    4,172958108 0,23 0,03 0 

    4,436471622 0,07 0,01 0 

    4,693228378 0,04 0 0 

    4,956741892 0,03 -0,01 0 

    5,220255405 0,02 -0,01 0 

 

 

 


