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Battery recycling and precursor material production generate highly concentrated sodium 
sulfate wastewaters. Discharging these into natural water bodies negatively impacts their 
ecological balance. The aim of this thesis was to demonstrate the feasibility of various 
membrane filtration concepts for concentrating and purifying the sodium sulfate rich 
wastewater to mitigate its environmental effects.  

Experiments were conducted using diluted solutions, as the high concentration of the pCAM 
residual solution resulted in high osmotic pressure differential across the membrane, leading 
to operational pressures over the pressure limitations of the equipment. The research 
investigated combinations of reverse osmosis (RO) and nanofiltration (NF), as well as the 
integration of cooling crystallization with RO. The durability of the selected commercial 
thin-film composite (TFC) membranes under high operating pressures was evaluated. 
Potential applications for the concentrated and purified water were considered to decrease 
the environmental impact of the battery industry processes.  

The results showed that combining RO and NF enabled further concentration of the 
wastewater than RO alone. In purification, multipass RO provided the best results, producing 
water of a quality comparable to raw water. RO membranes tolerated high operating 
pressures better than NF membranes, which showed compaction. The concentrated sodium 
sulfate solution showed potential in recycling to battery chemicals, fertilizer production and  
aluminum pickling. The purified water could reduce raw water demand. The study 
successfully demonstrated the theoretical feasibility of treating concentrated sodium sulfate-
rich wastewater with integrated membrane processes. In the future, research should focus on 
process optimization and energy consumption assessment to better evaluate the industrial 
applicability of the integrated membrane processes.  
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Akkujen kierrätys ja prekursorimateriaalien tuotanto tuottavat väkevää 
natriumsulfaattipitoista jätevettä. Näiden jätevesien laskeminen vesistöihin vaikuttaa 
negatiivisesti niiden ekologiseen tilaan. Tässä diplomityössä tutkittiin erilaisten 
integroitujen membraanisuodatuskonseptien toimivuutta natriumsulfaattipitoisten jätevesien 
väkevöinnissä ja puhdistuksessa, jotta niiden ympäristövaikutuksia voitaisiin vähentää. 

Kokeet toteutettiin laimennetuilla liuoksilla, sillä pCAM-jäännösliuoksen väkevyys aiheutti 
suuren osmoottisen paine-eron membraanin yli ja korkean käyttöpaineen, mikä toi haasteita 
käytetyn laitteiston painekapasiteetille. Tutkimuksessa testattiin käänteisosmoosin (RO) ja 
nanosuodatuksen (NF) yhdistelmiä sekä jäähdytyskiteytyksen yhdistämistä RO vaiheeseen. 
Lisäksi arvioitiin kaupallisten ohutkalvokomposiittimembraanien kestävyyttä korkeissa 
käyttöpaineissa. Lopuksi pohdittiin väkevöidyn ja puhdistetun veden käyttökohteita 
akkuteollisuuden prosessien ympäristövaikutusten pienentämiseksi. 

Tutkimuksissa havaittiin, että yhdistämällä RO ja NF voidaan väkevöidä liuosta enemmän 
kuin pelkällä RO vaiheella. Puhdistuksessa parhaat tulokset saatiin monivaiheisella RO 
suodatuksella, mikä tuotti raakaveden tasoista vettä. Lisäksi huomattiin, että RO kalvo 
kestää paremmin vaadittuja korkeita operointipaineita kuin NF kalvot. Väkevä 
natriumsulfaattiliuos osoitti potentiaalia kierrätettäväksi akkukemikaaleiksi, 
lannoiteteollisuudessa, ja alumiinin peittauksessa. Puhdistettu vesi vähentää raakaveden 
tarvetta. Tutkimuksessa onnistuttiin osoittamaan prosessien toimivuus akkuteollisuudesta 
tulevan väkevän natriumsulfaattipitoisen jäteveden käsittelyssä. Tulevaisuudessa kannattaisi 
keskittyä prosessien optimointiin ja energian kulutuksen arviointiin, jotta saataisiin parempi 
käsitys prosessien soveltuvuudesta teollisuuteen.  
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1  Introduction 

Transportation worldwide is responsible for a significant amount of greenhouse gas 

emissions and shifting toward the electrification of the transportation sector is seen as a key 

opportunity to reduce these emissions. Lithium-ion batteries are considered a crucial 

technology for achieving zero-emission transportation due to their superior performance, 

high energy density, and long cycle life compared to other battery technologies. (Heelan et 

al., 2016) Especially, NMC (nickel manganese cobalt) and NCA (nickel cobalt aluminum) 

battery chemistries are commonly used in the electric vehicle (EV) market. (Chitre et al., 

2020; Warner, 2015)  

However, the availability of key materials in the LIBs, such as lithium, cobalt, manganese, 

and natural graphite, is not geographically evenly distributed. The EU has designated these 

materials as critical due to their economic importance and supply chain risks. For example, 

to the EU, Chile is a major supplier of lithium. The production of natural graphite is 

concentrated in China, taking approximately 40% and 41% of the manganese produced for 

the EU originates from South Africa, which makes it one of the largest suppliers of 

manganese for the EU. (Grohol & Veeh, 2023) Therefore, developing a recycling technology 

for LIBs is crucial to reduce dependence on virgin raw materials and third-party suppliers 

(Grohol & Veeh, 2023; Gaines et al., 2018). 

When batteries reach the end of their life, proper handling will eventually become a concern. 

Recycling enables the recovery of valuable materials, simultaneously decreasing the 

environmental load compared to processing virgin raw materials. (Gaines et al., 2018; 

Steward et al., 2019) Currently, various battery recycling strategies are being researched, 

and hydrometallurgical recycling has emerged as a significant area of interest. 

Hydrometallurgical recycling of end-of-life batteries enables high recovery of metals at a 

lower temperature compared to pyrometallurgical recycling. (Gaines et al., 2018; Wu et al., 

2022)Hydrometallurgical battery recycling also faces challenges. One major environmental 

issue is the production of wastewater rich in sodium sulfate. (Kuldeep et al., 2021) 

Additionally, the process of producing cathodic active materials for batteries, as well as 

many other industrial sectors such as the pulp and paper industry’s sulfate process, mining, 

steel industry, and flue gas desulfurization, generates sulfate-containing emissions into 
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waterways. In the past, releasing these sulfate-containing wastewaters into natural water 

bodies was a common practice, which was explained as a natural occurrence of sulfate in 

these waters. Due to this, the environmental impact of sulfate-containing wastewater in 

natural waters is not well understood, and there is no national legislation regulating the 

discharge of industrial wastewater containing sulfate. (Ekholm et al., 2020) However in a 

recent Finnish environmental permit discharging limit for sulfate concentration is imposed 

to 7 g/L for a battery precursor plant (Vaasan hallinto-oikeus, 2025). Sulfate emissions from 

hydrometallurgical recycling and material production processes are much higher compared 

to traditional industrial processes (Lehtoranta et al., 2024), leading to an increasing need to 

explore solutions for mitigating these emissions.  

This Master’s thesis focuses on examining the treatment of wastewater from battery industry 

processes using membrane technology. The literature part highlights why in particular the 

battery recycling and battery material production is important and describes the processes in 

which concentrated sodium sulfate wastewater is generated. Additionally, the environmental 

impacts of these wastewaters are discussed. Alternative technologies for sulfate removal are 

presented alongside membrane processes, and the most promising membrane filtration 

technologies for battery industry wastewater are evaluated, including the challenges related 

to their applicability to the industry needs. Furthermore, the integrated membrane filtration 

concepts are introduced together with previous studies where they have been applied. 

Finally, the potential reuse applications for the water streams produced through membrane 

filtration are considered. 

The experimental part of this master’s thesis aims to answer the following research questions 

related to sodium sulfate wastewater treatment from the battery industry: 

Q1:  Which membrane filtration concepts shows the most potential in the treatment of 

sodium sulfate wastewater? 

Q2: How suitable are commercially available TFC (thin film composite) membranes for 

the battery industry’s needs? 

Q3: What uses are there for the concentrated sodium sulfate waste and purified water in 

the battery industry processes or other industrial sectors? 
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1.1  Lithium-ion batteries 

Lithium-ion batteries (LIB) store and release energy in the same device. They are 

rechargeable; battery charging is initiated as lithium ions flow from the cathode to the anode  

and electrons flow to the same direction though external circuit.  Correspondingly, when the 

battery discharges, the stored energy is released as the lithium ions and electrons flow from 

the anode to the cathode powering the connected device. This simple yet crucial process 

forms the basis of LIB operation. (Warner, 2015) Battery cells are packed in the casings with 

strong adhesives. Cells are then combined into modules whose structure depends on the type 

of cell and its manufacturer. To utilize these batteries for EVs, the modules are assembled 

into packs whose structure still varies by manufacturer. (Chitre et al., 2020)  

LIBs are the battery of choice in small electronics and EVs because they have higher 

operation voltage, higher specific energy, and power than nickel- and lead-based batteries. 

This also enables fewer cells in the battery pack, which means a lighter and more compact 

battery system. (Chitre et al., 2020; Bobba et al., 2020) Table 1 summarizes properties of 

some commonly utilized rechargeable batteries. 

 

Table 1. Specific energy and power, nominal voltage, and cycle life in lead, Nickel, and 
lithium-based batteries (Warner, 2015) 

 
Lead 
Acid 

(PbA) 

Nickel 
Cadmium, 

(NiCd) 

Nickel Metal 
Hydride, 
(NiMh) 

Lithium Nickel 
Cobalt 

Aluminum, 
(NCA) 

Lithium Nickel 
Manganese 

Cobalt, (NMC) 

Specific 
energy, 
[Wh/kg] 

30-40 40-60 30-80 80-220 140-180 

Specific 
power, 
[W/kg] 

60-180 150 250-1000 1500-1900 6500 

Nominal 
voltage, [V] 2 1.2 1.2 3.6 3.6-3.7 

Cycle life 300-800 1000-2000 500-1500 >1000 1000-4000 
 

Table 1 emphasizes why lithium-ion batteries are generally utilized for EVs. Specific energy 

and power, together with nominal power in the NCA and NMC, are significantly larger than 

in other battery chemistries. Additionally, NMC has a significantly longer cycle life 

compared to PbA batteries, which enables a longer useful life for the battery in operation. 

(Warner, 2015) 
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LIB cells consist of four main components: cathode, anode, current collector, and separator. 

The anode is similar in every LIB type, which is a copper foil coated with natural graphite. 

The cathode, at the same time, contains lithium metal oxide and aluminum foil. The metal 

composition in the cathode can vary with different LIB types. In addition to NMC and NCA, 

for example, LiCoO2 (LCO), and LiMn2O4 (LMO), metal oxides are utilized in LIB 

cathodes. (Cerrillo-Gonzalez et al., 2024; Chitre et al., 2020) 

The electrolyte is a mixture of an organic solvent and lithium salts, where lithium 

hexafluorophosphate is commonly used lithium salt in battery electrolytes. This ensures the 

mobility of lithium ions within the cell. A separator is a crucial element that prevents contact 

between the anode and the cathode. Separator materials are typically either polypropylene 

or polyethylene. (Cerrillo-Gonzalez et al., 2024) The structure of the cell and the metal 

composition of the most common metal oxides used in cathodes are illustrated in Figure 1. 

 

 

Figure 1. Structure of the LIB cell and metal composition in the most common metal 
oxides used in cathodes, expressed as weight percent. Lithium is excluded from 
the metal oxide composition (Cerrillo-Gonzalez et al., 2024). 

 

Figure 1 shows the complex structure of the LIB cell and the cathode metal composition of 

different LIB types. The metal composition impacts the cell's lifespan, energy density, cost, 

and safety. The variety of cathodic materials allows for choosing the most appropriate 

material for a specific application. However, the wide range of cathodic materials creates 
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challenges for recycling, both financially and technologically. The cathodic material affects 

the recycling process and the chemicals needed for metal extraction. (Chitre et al., 2020)  

1.2  Battery recycling and battery materials production 

This chapter introduces the most promising recycling processes for batteries and their current 

status in the industry. It also explains why the hydrometallurgical recycling process has 

gained quick interest for end-of-life LIBs. This process is described, along with how valuable 

active cathode materials are recycled into reused battery metals. Finally, it discusses the 

challenges in the hydrometallurgical recycling process from the wastewater perspective and 

examines its composition.  

1.2.1  Comparison of battery recycling processes 

Hydrometallurgy has been widely used in the mining and metallurgy industries, where the 

aqueous phase is used to extract metals from ores. It is gaining increasing interest in 

recycling valuable metals from spent LIBs, thereby reducing reliance on virgin ore resources 

and extending the lifespan of ore deposits. (Cerrillo-Gonzalez et al., 2024) Metals in spent 

LIBs are typically found in high concentrations, sometimes even higher than in natural ores, 

making them a significant resource for battery metals (Chitre et al., 2020).  

High purity products and higher material recovery can be achieved using hydrometallurgy 

instead of pyrometallurgy (Chitre et al., 2020; Wu et al., 2022). Pyrometallurgy utilizes 

pyrolysis to evaporate the electrolyte and burn off plastics, resulting in an alloy that often 

requires further processing to separate metals from the slag, typically through leaching and 

solvent extraction (Chitre et al., 2020; Pinegar & Smith, 2019). The hydrometallurgical 

recycling process can recover lithium and manganese, which are usually lost in the slag 

during pyrometallurgical processing (Chitre et al., 2020).  

Hydrometallurgy also offers other advantages over pyrometallurgy, such as lower energy 

consumption due to the reduced temperature in the process. (Wu et al., 2022) Temperature 

in the smelter can reach as high as 1500 ℃ in the pyrometallurgical recycling process. 

(Schierle-Arndt, 2020) In addition, pyrometallurgical processing produces hazardous gases 
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like toxic hydrogen fluoride from electrolyte evaporation, which are not produced in 

hydrometallurgical processes. (Chitre et al., 2020; Gaines et al., 2018; Pinegar & Smith, 

2019)  

Despite the positive aspects of hydrometallurgy, it has some drawbacks. Batteries need 

pretreatment such as mechanical shredding, sieving or physical separation processes to 

separate different battery components before valuable metals can be extracted, whereas 

pyrometallurgy can be used directly on batteries. (Pinegar & Smith, 2019) Pyrometallurgy 

also has advantages over hydrometallurgical recycling because it can process different types 

of batteries in a single step. (Chitre et al., 2020; Gaines et al., 2018) Additionally, some 

processes do not require pretreatment. (Pinegar & Smith, 2019)  

Both pyro and hydrometallurgy change the recovered material chemistry while direct 

recycling can recover metals without changing their chemical composition. This enables 

short recovery route for batteries. (Cerrillo-Gonzalez et al., 2024) However, direct recycling 

still faces concerns regarding the quality of the recovered material compared to virgin 

materials, and the process remains underdeveloped. Further research is needed before large-

scale operation. (Chitre et al., 2020; Gaines et al., 2018; Pinegar & Smith, 2019) The 

advantages and disadvantages of pyrometallurgical, hydrometallurgical, and direct recycling 

processes for end-of-life LIBs are summarized in Table 2. 

 

Table 2. Some of the key advantages and disadvantages of battery recycling processes 
 (Cerrillo-Gonzalez et al., 2024; Gaines et al., 2018) 

Process Advantages Disadvantages 
Pyrometallurgy • Simple operation 

• No need for pretreatment 
• Commercially viable 

• High energy consumption 
• Li and Mn not recovered 
• Additional processing needed 

to separate metals 
• Hazardous gases produced 

Hydrometallurgy • High recovery rate and purity of product 
• Low energy consumption 
• Precursor material can be manufactured 

from the product 
• All metals can be recovered 

• Size reduction needed 
• More water consumption and 

chemicals 
• High volume of wastewater 

produced 
 

Direct recycling • Low energy consumption 
• High recovery rate 
• Can recover anode, electrolyte, and foils 

• Only one type of cathode 
processed at once 

• Product quality concerns 
• No industrial scale applications 
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Despite the positive aspects of the hydrometallurgical process (Table 2), it generates 

secondary pollution due to the wastewaters and chemicals produced during leaching. 

Therefore, wastewater treatment increases recycling costs. (Arsenault et al., 2019) In 

particular, sodium sulfate-rich wastewaters are problematic because of their high salt 

concentration. These waters are generated during the neutralization of acidic streams with 

sodium hydroxide from the acid leaching. (Kuldeep et al., 2021)  

1.2.2  Sodium sulfate emissions from hydrometallurgical recycling of LIBs 

The production process for the black mass from end-of-life batteries begins with dismantling 

and discharging the battery modules. These steps manage safety issues related to the 

remaining charge in the batteries and separate battery cells from the casings, aluminum, and 

copper foil. This process also includes mechanical separation techniques such as crushing, 

sieving, magnetic separation, fine crushing, and classification. These mechanical methods 

aim to concentrate the black mass, which contains graphite and active materials in the 

cathode and anode (Cerrillo-Gonzalez et al., 2024; Neumann et al., 2022; Wu et al., 2022). 

The composition of the black mass is shown in Table 3. 

 

Table 3. Average composition of black mass from NMC batteries (Schierle-Arndt, 
2020) 

Element 
Content, 
weight-

% 
Ni 20 
Co 6 
Mn 6 
Li 3.5 
C 40 
F 3 
P 0.5 

Cu 2 
Al 2 
Fe 1 
Zn 0.1 
Ca 0.1 

 

Hydrometallurgical recycling of spent LIBs involves dissolving metallic components from 

the black mass. The process includes two main steps: leaching and metal separation, which 
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may combine methods such as solvent extraction, ion exchange, and precipitation, 

depending on the composition of the black mass. (Neumann et al., 2022; Wu et al., 2022) 

Metallic components from the black mass are dissolved during the leaching process, after 

which undissolved graphite can be separated (Neumann et al., 2022). Leaching can be 

performed using alkali, acid, bio, or special solvent methods. Acid leaching has gained the 

most attention due to its high efficiency and low cost. Unlike alkali leaching, acid leaching 

can dissolve nearly all metals found in spent LIBs. Acid leaching is typically carried out 

with sulfuric acid combined with H2O2, which acts as a reducing agent. Sodium hydroxide 

is used in the precipitation process to separate metals such as aluminum, copper, and iron, 

as well as to neutralize acidic streams. (Wu et al., 2022) These procsses produce an 

undesirable amount of sodium sulfate solution (Kuldeep et al., 2021). 

The leaching step is followed by the separation of metal ions. Solvent extraction, chemical 

precipitation, and ion exchange are used in different configurations depending on the 

composition of the black mass. Impurities such as iron, aluminum, and copper are commonly 

removed through precipitation. In the case of NMC batteries, metals in the cathode active 

material, including nickel, manganese, and cobalt, are typically separated using solvent 

extraction. Lithium usually remains in the solution and is recovered through either sodium 

carbonate precipitation, ion exchange, or by using carbon dioxide. (Neumann et al., 2022) A 

typical hydrometallurgical recycling process, which follows the previously described stages, 

is shown in Figure 2. 

 

 

Figure 2. Hydrometallurgical battery recycling process. Process utilizes heat treatment 
before leaching to remove organics from the black mass (Schierle-Arndt, 2020) 
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The previously described process (Figure 2) results in significant amounts of sodium sulfate-

rich wastewaters due to the high content of nickel, cobalt, and manganese in the black mass. 

According to (Schierle-Arndt, 2020), about 30 kt of black mass produces 10 kt of sodium 

sulfate waste. In addition to battery recycling, the production of battery materials also 

generates similar wastewaters.  

1.3  Sodium sulfate emissions during pCAM production  

Hydrometallurgical recycling of batteries enables the production of new battery precursors 

for the cathode active material from waste with sufficient purity. (Neumann et al., 2022; 

Finnish Battery Chemicals, 2021) There are at least two precursor cathode active material 

(pCAM) production plants under consideration in Finland: CNGR Hamina and BASF 

Harjavalta. ESAVI, 2023, 2024) Both plants use a similar process described in Figure 3. 

 

 

Figure 3. Block diagram of the pCAM production process (ESAVI, 2023, 2024)  

 

Metal salts are first dissolved in water, producing the synthesis mixture. Nickel, manganese, 

and cobalt are precipitated as hydroxides with ammonia water and sodium hydroxide. The 

solid matter is then filtered and washed. The precursor material is finally dried and packed 

for further processing into cathodic active material (CAM). (ESAVI, 2023, 2024)  Lithium 

is combined with the pCAM material in the CAM production process. (Finnish Battery 

Chemicals, 2021)  
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The filtration step produces large amounts of wastewater that mainly contain sodium sulfate 

and traces of ammonia and metals. Wastewater is treated in an ammonia stripper, followed 

by ultrafiltration of the solid material containing metals. Finally, process water is neutralized, 

leaving behind a large amount of sodium sulfate. (ESAVI, 2023, 2024) Table 4 shows the 

wastewater composition from the pCAM production plant in Hamina. 

 

Table 4. CNGR Finland Hamina's original environmental permit provides an estimate 
of wastewater emissions. Water has been treated using an ammonia stripper 
and ultrafiltration. Washing waters are included in the composition (ESAVI, 
2024). 

Parameter Flow, t/a Flow 
(kg/d) Concentration, mg/L Discharge water, 

mg/L 
Volumetric flow 1560000 m3/a 4680 m3/d   

Na 46 200 139 000 29 600 15 700* 
SO4 96 400 289 000 61 800 30 900 
Cl-    1300* 

NH4-N 19 57 12 6 
Ni 0.3 1 0.2 0.1 
Mn 0.11 0.4 0.07 0.035 
Co 0.11 0.4 0.07 0.035 
Al 22 66 14 7 

*Seawater sodium chloride concentration considered 

 

After wastewater treatment, over 60 000 mg/L of sulfate is left in the wastewater (Table 4). 

The Metsä Fibre bioproduct plant in 2020 estimated in its environmental permit application 

that its yearly sulfate emissions were about 39 000 t/a (1 200 mg/L), and sodium emissions 

were approximately 32 000 t/a (1007 mg/L)(PSAVI, 2020). Similarly, the Stora Enso Oulu 

plant evaluated its sodium and sulfate emissions in 2022 at 4 500 t/a for sulfate and 3 400 

t/a for sodium (Stora Enso Oulu Oy, 2022). In the mining industry, Terrafame in Sotkamo 

reported sulfate emissions to surface waters of 11 000 t/a and sodium emissions of 800 t/a 

in 2023 (Terrafame Oy, 2024).  

Sulfate emissions from the BASF Harjavalta plant are significantly higher than those from 

other described industrial operators. BASF Harjavalta has chosen to use evaporative 

crystallization, a readily available technology in the industry. According to the 

environmental permit application that the evaporative crystallization process can remove 

96% of the sulfate. (ESAVI, 2023) However, evaporative crystallization consumes a 
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substantial amount of energy, so alternative methods for removing sodium sulfate need to 

be considered. (Bouchrit et al., 2017)  

1.4  Environmental aspects in the concentrated sodium sulfate wastewaters 

Sodium sulfate is a salt of sulfuric acid that dissociates in water into sodium and sulfate ions 

(NCBI, 2025). It is not directly harmful to the environment, as both sulfate and sodium ions 

are generally present in natural waters (Kuldeep et al., 2021). However, continuous exposure 

to significant deviations from the ideal salinity levels for species living in osmotic balance 

can cause dehydration of cells and threaten the species (Fernandez-Gonzalez et al., 2016). 

The concentration of sulfate in freshwater, brackish, and seawater is shown in Table 5. 

 

Table 5. Sulfate concentrations for freshwater, brackish, and seawater based on 
literature. Sodium concentrations are also provided for seawater.  

Water type Concentration, mg/L Reference 

Fresh water 

Sulfate:  
<5-200 (Sweden) Sahlin & Ågerstrand (2018) 
3-30  Meays & Nordin (2013) 
<10 (Finland) Heinonen-Tanski & Mentu (2014) 

Brackish 
water 

Sulfate:  
200-450  Ramm-Schmidt (2023) 
470 Karjalainen et al. (2021) 

Seawater 
SO4: 2700 Karjalainen et al. (2021) 
Na: 10 752 ;SO4: 2 701 Macedonio et al. (2007) 
Na: 11 300; SO4: 2 889 Liyanaarachchi et al. (2014) 

 

Table 5 shows that sulfate concentrations increase significantly from freshwater (<5-200 

mg/L SO4) to brackish water (200-470 mg/L SO4) and are highest in seawater (2700-2889 

mg/L SO4). Deviations in salinity levels are most harmful to species where salinity is 

naturally low (Finnish Battery Chemicals, 2021). Both sodium and sulfate are harmful in 

high concentrations in the aquatic environment due to increased salinity (Fernandez-

Gonzalez et al., 2016), but sulfate also plays a role in many redox reactions (Ekholm et al., 

2020; (Kuldeep et al., 2021). Additionally, sulfate is involved in mercury methylation, where 

certain microbes that utilize sulfate can produce toxic methylmercury (Ekholm et al., 2020).  

Releasing sodium sulfate-rich wastewaters into the water body can cause stratification, as 

the sulfate-rich water tends to accumulate at the bottom. This can deteriorate the mixing of 
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the surface waters, causing oxygen depletion. (Finnish Battery Chemicals, 2021) In addition, 

increased salt concentrations in water reduce the solubility of oxygen and other gases. 

(Heinonen-Tanski, 2018) Under anoxic conditions, sulfate-reducing bacteria can convert 

sulfate into hazardous hydrogen sulfide. The formed sulfide can further react with iron to 

produce iron sulfide, which inactivates iron's ability to bind phosphorus. Moreover, the 

oxygen-free conditions diminish the sediment’s capacity to retain phosphorus. Conversely, 

phosphorus contributes to eutrophication, so higher sulfate concentrations are indirectly 

linked to it. (Ekholm et al., 2020; Meays & Nordin, 2013) Eutrophication increases algae 

formation, color changes in the water and odor problems. Organic matter reduces the oxygen 

content of the water as it consumes oxygen when decomposing. Increased organic matter 

further decreases the oxygen content in the water. (Finnish Battery Chemicals, 2021) In 

seawater, sulfate can cause local eutrophication, but in lakes, it can potentially lead to 

eutrophication of the entire lake. (Lehtoranta et al., 2024)  
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2  Non-membrane-based technologies to recover sulfate from the 

wastewater 

This chapter discusses possible techniques for recovering sodium sulfate from industrial 

wastewaters. The discussed technologies include both well-established industry practices 

and innovative approaches. Additionally, the suitability of these techniques for treating 

sodium sulfate-rich waste waters from the battery industry is evaluated. 

2.1  Crystallization 

Wastewaters from industry with high salt content are generally treated through 

crystallization. In particular, streams containing highly soluble salts like sodium sulfate can 

be separated via evaporative crystallization. (van der Ham et al., 1998) Crystallization is a 

phase change that results in a crystalline product (Myerson, 2002), occurring in evaporative 

processes by supersaturating the solution through evaporation (Mullin, 2001). Evaporative 

crystallization is an effective method for producing salt with minimal impurities (Bosch & 

de Haan, 2013). However, due to its high energy consumption, other options to reduce the 

energy consumption for salt removal may be considered (Bouchrit et al., 2017). 

Cooling crystallization decreases energy use compared to evaporative crystallization 

because the supersaturation of the solution is achieved through cooling (Bosch & de Haan, 

2013). However, the amount of salt that can be separated is limited by salt solubility at lower 

temperatures (van der Ham et al., 1998), which may cause yield issues, especially for salts 

with solubility that is not highly dependent on temperature (Bosch & de Haan, 2013). 

Solubility data for some inorganic salts between 0 to 100 ℃ are shown in Figure 4. 
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Figure 4. Solubility of KNO3, NaCl and Na2SO4 as a function of temperature (Bosch & 
de Haan, 2013) 

 

Figure 4 shows that sodium sulfate solubility is highly dependent on temperature below 

40°C, where cooling crystallization can effectively remove sodium sulfate. Conversely, 

sodium chloride shows minimal correlation to temperature, making cooling crystallization 

unsuitable for NaCl removal. Eutectic freeze crystallization (EFC) can avoid the high energy 

consumption associated with evaporative crystallization and yield issues seen with cooling 

crystallization. The principle of this technique is that the solution is slowly cooled to eutectic 

temperature, causing salt crystals and ice to form (Lewis et al., 2010; Randall et al., 2011; 

van der Ham et al., 1998). Although EFC offers advantages, it is a relatively new process 

requiring significant technological improvements and strategies to reduce capital investment 

costs. While substantial operational cost savings are possible, the capital costs compared to 

evaporation crystallization are expected to be higher (Randall et al., 2011). 

Although evaporation crystallization is a readily available technique and is considered the 

most suitable for treating sodium sulfate-rich wastewater in the battery industry by BASF, 

and both cooling crystallization and EFC can reduce energy consumption compared to 

evaporative crystallization, eventually these techniques produce a solid sodium sulfate 

product. Disposal of this waste comes into question. (ESAVI, 2023, 2024) 

The high solubility of sodium sulfate limits its disposal at the site; therefore, a buyer is 

needed to obtain from another chemical industry (Kelloniemi, 2024). Sodium sulfate has 
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various applications in the industry, including in the detergent, glass, and textile dyeing 

industries (Ramboll, 2023); however, demand is limited in European markets as sodium 

sulfate is also produced in the forest, mining, and metal industries. (Finnish Minerals Group, 

2021; Kelloniemi, 2024) China produces the most sodium sulfate globally, where high 

demand locally is common, and it influences global markets. Although South America might 

have some potential demand for sodium sulfate, transporting it is neither economically nor 

environmentally convenient. (Kelloniemi, 2024)  

2.2  Chemical precipitation 

Limestone (CaCO3) and lime (Ca(OH)2) precipitation are commonly used to treat sulfate-

rich mine waters where the removal of sulfate is desired (Chatla et al., 2023). Lime 

precipitation is also widely employed in industrial practices for wastewater contaminated 

with significant amounts of sulfate (Hou et al., 2022). In the case of mine water, sulfate 

concentrations can decrease to below 1500-2000 mg/L after lime treatment (Kinnunen et al., 

2018). The process is cost-effective and suitable for large-scale applications due to its 

simplicity. However, lime is not very effective to highly soluble salts such as sodium sulfate. 

Additionally, the process produces sludge with high water content that has limited market 

applications (Chatla et al., 2023).  

Limestone is more affordable than lime and produces less sludge, making it a more cost-

effective option than lime precipitation. Sulfate precipitation as barite (BaSO4) is highly 

insoluble, which makes barium precipitation effective for sulfate removal. (Chatla et al., 

2023). Barium salts commonly used for barium precipitation include Ba(OH)2, BaS, and 

BaCO3. Barium hydroxide and barium sulfide are effective at removing sulfate across the 

entire pH range. (INAP, 2003) However, barium salts are expensive, making barium salt 

costs high for highly concentrated sodium sulfate solutions. (Chatla et al., 2023; INAP, 2003) 

Additionally, the toxicity of barium salts compared to lime and limestone needs to be 

considered when deciding on the precipitation chemicals. (Chatla et al., 2023; Hou et al., 

2022)  

Ettringite precipitation can achieve high efficiency for sulfate removal while avoiding toxic 

waste production (Hou et al., 2022). Aluminum salt is added to the water, leading to the 

precipitation of ettringite (Ca6Al2(SO4)3(OH)12·26 H2O) (Tolonen et al., 2016). Although the 
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ettringite product needs to be disposed of, it is considered stable waste for long-term disposal 

(Kinnunen et al., 2018; Tolonen et al., 2016). It can be used in cement to enable quick drying 

and hardening (Cody et al., 2004). However, aluminum salt is more costly than lime, making 

raw material expenses higher than in lime treatment (Kinnunen et al., 2018; Tolonen et al., 

2016).  

Previously introduced precipitation processes share similar characteristics. Sludge is 

produced, which needs to be disposed of or repurposed. Neither of the methods effectively 

removes sodium cathode (Chatla et al., 2023), where wastewater might still have similar 

characteristics as before treatment (LSSAVI, 2024). Lime and limestone precipitation are 

commonly used for mine water containing, where sulfate concentration according to Runtti 

et al. (2018) is between 790-10 500 mg/L. Compared to the previously mentioned pCAM 

wastewater, where sulfate concentration exceeded 60 000 mg/L (Table 3), precipitation may 

not be effective due to the large amount of sludge produced, which presents disposal issues 

of the sludge.  

2.3  Ion exchange 

Ion exchange is a well-known technology with applications in the chemical industries, 

wastewater treatment, and water demineralization. It is a reversible chemical process in 

which a solid particle is loaded with an ion from the solution that is desired to be purified. 

The ion exchanges with a similarly charged ion on the solid. (Cheremisinoff, 2002) This 

exchange is presented with an anion exchange reaction by the following equation (Harland, 

1994):  

 

𝑀!𝐴"%%%%%%%% + 𝐵" ↔ 𝑀!𝐵"%%%%%%%% + 𝐴"	 (1) 

 

Where M+ cationic functional group in the ion exchanger, - 

A- exchanger anion, - 

B- an anion desired to be purified from an aqueous solution, - 
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The resin can be inorganic zeolite or synthetically produced organic resins which serve as 

the solid in the ion exchange process. Organic resins can be customized for specific 

applications, making them dominant in the market. (Cheremisinoff, 2002) Each resin has a 

specific number of mobile ion sites that determine the maximum amount of exchanges per 

unit of resin. Due to this limited exchange capacity, the material eventually becomes 

exhausted and must be regenerated. Resins can be regenerated using suitable reagents based 

on the specific application. (Kinnunen et al., 2018) During regeneration, the reverse reaction 

(Equation 1) occurs in case of anion exchange resins (Harland, 1994). Cation exchange resin 

is regenerated with acid, and anion exchange resin with base. An important consideration in 

economics is the type and amount of chemicals needed for regeneration. (Kinnunen et al., 

2018) Weak base anion resins are typically used to remove sulfate ions from the solution 

(Cheremisinoff, 2002; Runtti et al., 2018). 

Additionally, the resin's limited capacity can lead to high expenses for the process. Can et 

al. (2020) experimented with a strong base anion exchange resin to purify synthetic water 

from the flotation process. They were able to reduce sulfate concentration from the initial 

3000-3800 mg/L to 1000-1500 mg/L. Öztürk & Ekmekçi (2020) found that Amberlite IRA-

400 resin removed 60% of the sulfate from an initial 1 500 mg/L of synthetic process water. 

Additionally, they experimented with the same resin on real process water from the zinc 

flotation plant, which contained 3 376 mg/L of sulfate. The concentration was successfully 

decreased to 400 mg/L. In cases involving concentrated sulfate solutions, ion exchange may 

not be the most economically feasible option, at least as a standalone process (Runtti et al., 

2018).  

2.4  Electrocoagulation 

Electrocoagulation is an effective technology for removing metals and ions from wastewater 

compared to traditional coagulation and flocculation techniques. (Canizares et al., 2009; 

Mohammadzadeh et al., 2020) It can achieve lower operating costs because it combines 

chemical reagent addition, particle agglomeration, and solid settling in a single unit. 

(Canizares et al., 2009) In electrocoagulation, electrons are released into the solution due to 

the electrical potential difference between the electrodes. Hydrogen and hydroxide are 

generated at the cathode, while oxygen and cations are produced at the anode through 
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oxidation and reduction reactions. (Mohammadzadeh et al., 2020) The electrodes are usually 

made of aluminum or iron, which are sacrificed during the process (Canizares et al., 2009). 

Figure 5 shows an electrocoagulation unit using aluminum electrodes. 

 

 

Figure 5. Basic principle of an electrocoagulation unit using aluminum electrodes. 
Reactions in the unit are illustrated in the figure. (Chatla et al., 2023) 

 

The sacrificed electrodes act as coagulation and flocculation agents, which eliminates the 

need for additional chemicals in electrocoagulation. Since the configuration of the 

electrocoagulation unit can be quite simple, various reactions occur, such as anodic 

oxidation, cathodic reduction, coagulation, and flocculation. (Nariyana et al., 2018) 

Similarly, like in chemical precipitation, sludge is produced, which requires further 

processing. (Chatla et al., 2023; Mohammadzadeh et al., 2020) 

Nariyana et al. (2018) investigated combining calcium oxide precipitation with 

electrocoagulation. This combination could achieve a sulfate removal efficiency of 98.1 %, 

reducing sulfate levels from 13000 to 250 mg/L. The electrocoagulation unit as a standalone 

removed 84.4 % of the sulfate. The previous article also summarized recent studies on 

electrocoagulation for sulfate removal. EC has been studied for several mine waters 

containing 54 to 13000 mg/L of sulfate. Removal efficiencies ranged from 28.9% to 80 %. 

Mohammadzadeh et al. (2020) examined sulfate removal from aqueous solutions using 
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aluminum electrodes, investigating parameters such as pH, voltage, and solution 

concentration. They achieved a maximum removal efficiency of  87 % for an initial sulfate 

concentration of 500 mg/L. Sulfate removal through electrocoagulation from synthetic mine 

water was also researched by Mamelkina et al. (2017). They achieved 80 % removal starting 

from an initial sulfate level of 3001.9 mg/L (3.125 ·10-2 mol/L). 

Although EC shows promising results for sulfate removal, it still leaves some questions 

about its suitability for more concentrated solutions. The highest removal rate of 98.1 % 

sulfate from the found literature, was achieved by combining precipitation and EC. This 

suggests that EC alone is not enough, and hybrid processes might need to be considered. The 

initial concentrations in the referenced studies are at least four times lower than the sulfate 

levels in battery industry wastewater (60 000 mg/L). Moreover, due to the high sulfate 

concentration in battery wastewater, electrode sacrification could become a significant cost 

factor, potentially making EC unprofitable.  
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3  Pressure-driven membrane processes for wastewater treatment 

Pressure-driven membrane processes are the most widely used in wastewater treatment. In 

these processes, a semipermeable barrier, i.e., membrane, acts as an intermediate between 

two phases, selectively restricting components from passing through. Separation is achieved 

by applying hydraulic pressure to the membrane. Selectivity for specific components can be 

achieved by utilizing different membrane technologies for specific applications. (Obotey 

Ezugbe & Rathilal, 2020) 

There are four main pressure-driven membrane filtration processes used for wastewater 

treatment: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse 

osmosis (RO) (Obotey Ezugbe & Rathilal, 2020). The primary mechanism in MF and UF 

separation is sieving, where suspended particles, colloids, or microorganisms are separated 

based on size (Madhav, 2022). MF has applications in the pharmaceutical and electronics 

industries, as well as in wine and beer sterilization (Baker, 2012). UF, on the other hand, has 

various applications in the paper and dairy industries (Ismail, 2019). MF and UF are 

commonly used as pretreatments for NF and RO, reducing difficulties associated with these 

processes (Madhav, 2022). Pressure-driven membrane processes are classified in Figure 6. 

 

 

Figure 6. Pressure-driven membrane processes are classified in terms of pore size, 
molecular weight cutoff and retained component (Obotey Ezugbe & Rathilal, 
2020; Yang et al., 2019) 
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Membrane filtration is already a widely used technology with benefits such as lower 

chemical requirements, energy efficiency, and reduced operational and maintenance costs. 

Additionally, the modular structure of membrane filtration units allows for less floor space 

compared to traditional wastewater treatment methods like coagulation, clarification, and 

aerobic and anaerobic treatments. (Wu et al., 2006) Most industrial membrane filtration units 

operate in a crossflow mode, where feed flows parallel to the membrane rather than 

perpendicular as in dead-end filtration. Dead-end filtration can eventually create a filter cake, 

leading to its disposal issues and membrane fouling. (Alfa Laval, 2003; Wang, 2010) 

Furthermore, crossflow operation enables continuous filtration with relatively low energy 

consumption. It also allows for easier process scale-up. (Basile & Charcosset, 2016; Bódalo 

et al., 2004; Mulder, 1996)  

Nonetheless, membrane filtration also has its drawbacks. During operation, membranes are 

prone to fouling and concentration polarization. Both phenomena hinder separation 

performance. (Obotey Ezugbe & Rathilal, 2020) Membrane filtration performance is 

typically described by the following parameters: solvent permeability or flux through the 

membrane, rejection of the solute, and yield or recovery (Li et al., 2008) 

Concentration polarization commonly occurs in pressure-driven membrane processes when 

the membrane rejects the solute, causing its concentration near the membrane surface to 

increase (Luis, 2018). Fouling can be managed through factors such as feed characteristics 

like ionic strength and pH, membrane properties (roughness, hydrophobicity), and process 

conditions (flow velocity, operational pressure, temperature). (Obotey Ezugbe & Rathilal, 

2020) Pretreatment is often used to alter the fouling tendency of the feed (Wang, 2010). 

NF and RO share some similarities: significant external pressure is required to achieve 

separation, and both remove dissolved contaminants. The membrane materials and 

configurations are similar in both applications. NF exhibits high rejection of multivalent 

ions, but rejection of monovalent ions is relatively low. RO is typically used for seawater 

and brackish water desalination, rejecting also monovalent ions. (AWWA, 2007; Madhav, 

2022) Therefore, both methods could be suitable for sodium sulfate separation, and these are 

discussed in more detail. 
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3.1  Reverse osmosis 

Reverse osmosis (RO) is a process where water is forced to flow in the opposite direction to 

naturally occurring process osmosis. In osmosis, water naturally moves from a low-

concentration solution to a high-concentration solution through a semipermeable membrane. 

In RO, pressure is applied externally to push water through this membrane. (Kucera, 2023) 

Water molecules first adsorb onto the membrane surface, diffuse through it, and then desorb 

into the permeate (Obotey Ezugbe & Rathilal, 2020). RO has a wide range of industrial uses, 

including producing ultrapure water for various processes, desalinating seawater and 

brackish water for drinking, and treating and reusing wastewater in industries (Basile & 

Charcosset, 2016; Li et al., 2008). 

Reverse osmosis membranes are similar to nanofiltration membranes and are typically either 

asymmetric or thin film composite membranes. Asymmetric membranes consist of a thin 

surface layer (0.1-1 µm) that provides rejection properties to the membrane, supported by a 

porous layer (80-100 µm thick). Thin film composite membranes have an ultrathin 

polyamide active layer (0.2 µm thick) supported by a microporous layer, usually 

polysulfone, and a reinforcing fabric. (AWWA, 2007; Yang et al., 2019)  

Thin film composite membranes with a polyamide active layer dominate the global market. 

Most of these membranes can operate at temperatures up to 45°C, with some tolerating up 

to 50°C. They generally function within a pH range of 4-11, with certain membranes 

allowing a wider range of 1-12. (Yang et al., 2019) Typical RO operation pressures are 

between 15-75 bar (Obotey Ezugbe & Rathilal, 2020). RO membranes commonly achieve 

over 99% rejection of NaCl in a single element (Basile et al., 2015; Obotey Ezugbe & 

Rathilal, 2020; Yang et al., 2019). Sulfate rejection for RO systems can reach up to 96-98% 

(Basile et al., 2015). 

Nanofiltration and reverse osmosis filtration processes both are hindered with concentration 

polarization. Concentration polarization is more significant in reverse osmosis because the 

retention of bivalent and monovalent ions is higher (van de Lisdonk et al., 2001; Wang et 

al., 2014). It occurs due to the different permeation rates of feed mixture components. These 

phenomena cause variations in concentration between the bulk solution and the membrane 

surface (Baker, 2012; Wang et al., 2014). Concentration polarization increases osmotic 

pressure as contaminant concentration rises at the membrane surface (Sun et al., 2015; Wang 
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et al., 2014). When nanofiltration and reverse osmosis membranes separate inorganic 

substances, scaling becomes a concern due to concentration polarization (Li et al., 2008).  

3.2  Nanofiltration 

Nanofiltration has applications in water purification and industry, such as effluent 

wastewater treatment, metal recovery from wastewater, and water demineralization. Its 

remarkable ability to separate multivalent ions like sulfate from monovalent ions such as 

sodium or chloride makes it an attractive option for industrial wastewater treatment. (Ahmad 

& Alshammari, 2023; Lee & Lee, 2000; Van der Bruggen et al., 2004) 

Properties of nanofiltration lie in between ultrafiltration (UF) and reverse osmosis (RO), 

permeating at lower pressures than RO and showing higher rejection than UF. Water fluxes 

also lie between RO and UF membranes. Nanofiltration membranes typically have pores of 

1-2 nm that reject inorganic salts based on surface charge and ion charge. Removing particles 

by size is a key rejection mechanism, along with charge, for rejecting solutes larger than 200 

Da. Nanofiltration membranes usually operate at 0.5-2 MPa transmembrane pressure. 

(Ahmad & Alshammari, 2023; Basile & Charcosset, 2016) They are typically thin-film 

composite membranes, similar to RO membranes, made through phase inversion or 

interfacial polymerization. The membrane material is usually an organic polymer such as 

polysulfone or polyamide. (Li et al., 2008; Yang et al., 2019) 

There are two main separation mechanisms involved in nanofiltration: sieving and solution 

diffusion, with Donnan forces particularly affecting dilute salt mixtures. (Tanninen et al., 

2006) The rejection of sodium sulfate generally depends on the repulsion between surface 

functional groups and similarly charged particles. Nanofiltration sodium sulfate rejection 

with concentrations below 2 wt% can exceed 95%. As concentration increases to 10 wt%, 

rejection can drop below 70% (Cichy et al., 2017).  
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4  Challenges of membrane filtration in the battery industry 

This chapter goes through challenges in membrane filtration related to sodium sulfate-rich 

wastewaters. More precisely, challenges are discussed from the nanofiltration and reverse 

osmosis point of view.  

4.1  Osmotic pressure 

Osmotic pressure is generated on the membrane by water molecules moving from a dilute 

solution to a more concentrated solution through a semipermeable membrane. Reverse 

osmosis works to the opposite direction where external pressure must be applied to achieve 

permeate flow in reverse to naturally occurring osmotic flow. (Kucera, 2023) The extent of 

hydraulic pressure required for the system depends on osmotic pressure, as well as on the 

membrane material and its thickness (AWWA, 2007). Osmotic pressure is directly related 

to the concentration of solutes in the solution and the type of dissolved solids. Typically, 

osmotic pressure ranges from 0.04 to 0.075 bar for every 100 ppm of total dissolved solids 

(TDS). (Kucera, 2023) An equation for calculating osmotic pressure in the solution is 

presented below (Equation 2), which also allows approximation of osmotic pressure even at 

higher concentrations (WEF, 2021). 

 

𝜋 = 𝑖𝑐#$𝑅𝑇𝜑 (2) 

 

Where π osmotic pressure, bar 

 i number of ions produced when salt dissociates, - 

φ osmotic coefficient of the solution, - 

cMO molar concentration of the solution, mol/m3 

 R ideal gas constant, J/(mol K) 

 T temperature, K 
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The Equation (2) can be used for calculating the solution osmotic pressure, but in practice, 

the osmotic pressure difference between the feed and permeate sides of the membrane 

determines whether permeate will pass through the membrane. This is described with 

Equation (3). (Cichy et al. 2017) 

 

𝑃%&& = ∆𝑃 − ∆𝜋	 (3) 

 

Where Peff effective pressure, bar 

 ΔP applied pressure, bar 

Δπ osmotic pressure difference between the feed and permeate sides, 

bar 

Equation (3) refers to the effective pressure, which is the actual driving force that causes 

permeate to flow through the membrane. It describes that the applied external pressure needs 

to be higher than the osmotic pressure difference between the feed and permeate sides of the 

membrane to get permeate flow. (Cichy et al. 2017)  

In practice the operational pressures are significantly higher than the osmotic pressure of the 

solution. For example, brackish water applications containing around 2000 ppm TDS operate 

at 15.5 bar, where osmotic pressure is less than 2 bar. Seawater containing about 32 000 ppm 

of TDS has osmotic pressure about 22 bar and it operates at 55 bar. (Kucera, 2023)  

In a basic single-stage RO desalting unit, the energy cost basically comes from the electrical 

energy required for the high-pressure feed pump. (Christofides et al., 2010) Although 

membrane filtration is an attractive technology for wastewater treatment, solutions with high 

salt concentrations such as sodium sulfate-rich streams requires high operational pressures 

to overcome the osmotic pressure difference. Elevated operating pressures not only increase 

pumping costs, where it is also important to consider whether membrane filtration is 

economically and technically feasible. (Charcosset, 2009)   

4.2  Membrane compaction 

Almost all pressure-driven membrane processes experience some membrane deformation 

over time as hydrostatic pressure is applied. Membrane compaction is a phenomenon where 
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the porous structure is flattened due to the applied pressure. (AWWA, 2007; Davenport et 

al., 2020; Wu et al., 2022) It can occur instantly after pressure is applied to the membrane or 

with longer time exposed (Ding et al. 2024). Compaction is often associated with the 

supportive layer of the membrane, especially in asymmetric and other porous membranes, 

which are more susceptible to this effect (AWWA, 2007; Davenport et al., 2020; Wu et al., 

2022). Compaction leads to a decline in permeate flux and increased energy consumption 

(Ding et al. 2024). 

Compaction has also been observed with thin-film composite membranes. Pendergast et al. 

(2010) researched compaction using hand-crafted TFC membranes at a maximum of 35 bar 

pressure. They observed a 20% to 30% decline in membrane thickness, and up to a 50% 

reduction in water flux was noted. Wu et al. (2022) found that the porosity of the skin layer 

was cut in half for TFC membranes, and a 40% permeation decline was observed as soon as 

the membrane was exposed to high pressures, ending at 207 bar. Davenport et al. 

experimented with membrane compaction using commercial membranes within a pressure 

range of 30 to 150 bar. They discovered that the cross-sectional thickness decreased by 

approximately 60% when 150 bar hydraulic pressure was applied. The effect of compaction 

on the TFC membrane is illustrated with cross-sectional images obtained from scanning 

electron microscopy (SEM) in Figure 7. 

 

 

Figure 7. Scanning electron microscope images of SW30 TFC membrane showing 
membrane compaction in pressures up to 150 bar (Davenport et al., 2020) 

 

Irreversible compaction of the membrane is likely observed with SEM, and it clearly 

increases as the pressure rises (Figure 7). Additionally, compaction might occur as reversible 

when the porous structure of the polymeric membrane relaxes as the pressure is released. 

(Davenport et al., 2020) Still, the effects of compaction on the membrane are hard to predict, 
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as the fundamental mechanism of compaction is not entirely known for TFC membranes. 

(AWWA, 2007; Davenport et al., 2020; Ng et al., 2019; Wu et al., 2022) 

4.3  Salt precipitation in modules 

Membrane modules have a complex structure to provide a large membrane surface area for 

filtration. For example, the spiral wound module is suitable for RO and NF applications, and 

it is the most widely used for these purposes. (Obotey Ezugbe & Rathilal, 2020) Even a small 

amount of solid matter in the tight flow channels can reduce the membrane's performance in 

the module (Kucera, 2023).  

Typically, high-pressure membrane filtration such as NF and RO are more prone to scaling 

due to concentration polarization. (Antony et al., 2011; Basile et al., 2015; Lee et al., 2022) 

Scale can form in the bulk solution or directly on the membrane surface. The scale in the 

bulk forms because the solution's saturation level is exceeded which can be caused by the 

membrane's high recovery. (Drioli & Giorno, 2020; Kucera, 2023)  

Controlling scaling is crucial for ensuring the membrane module performs well and has a 

long lifespan. Additional barriers created by scale reduce the permeate flux on the permeate 

side of the module. Decreased permeate flux leads to increased operational pressures to 

maintain recovery and productivity. Scaling can also occur in spacers, narrowing the flow 

channel and resulting in increased differential pressure (Boerlage et al., 2002; Kucera, 2023). 

In extreme cases, abrasion of the active layer caused by scaling in spacers might cause 

permanent damage to the membrane (Kucera, 2023). Scaling can be mitigated by controlling 

the pH, typically lowering it, limiting the maximum recovery rate of the process, and using 

antiscalants (Antony et al., 2011; Drioli & Giorno, 2020; Malaeb & Ayoub, 2011). 

Scaling is generally confronted with sparingly soluble salts such as calcium sulfate, barium 

sulfate and calcium carbonate. (Antony et al., 2011; van de Lisdonk et al., 2001) 

Additionally, permeate quality can be affected by scaling, especially in cases of hardness 

like barium sulfate and calcium-based scaling. The formation of scale increases the scaling 

salt concentration at the membrane surface which can lead to higher scale or solute through 

the membrane and lowering the permeate quality. (Kucera, 2023) The solubility of these 

salts and others observed in the aqueous phase is presented in Table 6. 
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Table 6. Solubility to water of various anhydrous inorganic salts at 20 ℃ (Rumble, 
2025) 

Salt Solubility at 20 ℃, [g/100g 
solution] 

CaSO4 0.202 
Na2SO4 16.3 
CoSO4 26.1a  
MnSO4 38.6a 

NiSO4 (at 22.6 ℃) 27.48a 
(NH4)2SO4  42.9 

K2SO4  9.95 
MgSO4 25.1 

CaCO3 (g/L salt solution) 0.065 
BaSO4 (g/L salt solution) 0.0024 

        a Seidell (1928) 

 

As can be observed from Table 6, sodium sulfate is highly soluble in water compared to 

calcium sulfate, calcium carbonate, and barium sulfate. It was previously noted that scaling 

is common with sparingly soluble salts. The osmotic pressure calculated using Equation (2) 

is 63 bar for the sodium sulfate solution at the solubility limit of 16.3 g Na2SO4/100g 

solution. Therefore, scaling is unlikely in filtering sodium sulfate solution.  
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5  Integrated membrane systems and uses for the streams 

High salinity in the sodium sulfate streams from the battery industry prompts efforts to 

reduce their environmental impact. This chapter first explains the concept of integrated 

membrane systems and the possibilities of using them in treating concentrated sodium 

sulfate wastewaters. It also reviews the reuse options for the concentrated sodium sulfate 

stream and purified wastewater.  

5.1  Integrated membrane systems for concentrated salt streams 

Integrated membrane processes refer to the combination of one or more membrane 

techniques, which may be used together or without traditional unit processes to improve 

overall performance. The configuration depends on the feed type and the desired product 

quality. These processes ultimately aim to increase the purity of the product. (Singh, 2015) 

An integrated or hybrid membrane process includes a pretreatment unit before the membrane 

filtration, while a standalone process uses only membranes for water treatment. Pretreatment 

can be a conventional unit such as coagulation or flocculation, or it can be a membrane unit. 

(Ang et al. 2015) Pressure-driven membrane filtration processes arranged in a cascade 

configuration effectively treat complex streams due to the unique retention capabilities of 

each membrane type. Suspended particles can first be removed using MF, and UF can further 

separate macromolecules. NF and RO are effective for removing dissolved solids, with NF 

targeting multivalent ions and RO successfully separating both multivalent and monovalent 

ions. (Basile & Charcosset, 2016; Sun et al., 2015) Integrated membrane processes have 

been successfully applied in the industry for water reuse, significantly reducing the volume 

of wastewater discharged (Gryta, 2012). Table 7 presents some research using integrated 

membrane systems and highlights their key improvements considering the integrated 

system. 
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Table 7. Summary of research studies on integrated membrane systems for sulfate 
removal and water recovery. The table highlights the key results achieved with 
the integrated process configuration. 

Research Feed water Configuration Key results 

Macedonio et 
al. (2007) Seawater NF-RO 

Increased water recovery for RO unit, up 
to 52% from single unit 40 %. Brine 
concentration increased from 57.60 to 
71.91 g/L 
Fresh water concentration decreased from 
0.3385 to 0.2699 g/L 

Li et al. 
(2014) 

Sodium sulfate 
solution 

RO-membrane 
crystallization MCr 

Preconcentration reduced the membrane 
area in the MCr stage from 14173.9 to 
1832.6 m2 when feed concentrated from 
60 to 150 g/L 

Chong et al. 
(2015) Seawater 

RO+ 2 or 3 stage 
counter current 

membrane cascade 
with recycle (CMCR) 

Compared to single-stage RO, combining 
RO with 3-stage CMCR brine volume 
reduced by 50 % while both 2- and 
3- stage achieved 75% recovery with 33.2 
% reduction to osmotic pressure 
differential and 11% reduction to specific 
energy consumption. 

Amaral et al. 
(2018) 

Gold mine 
effluent UF-NF-RO 

Sulfate decreased from 17 061 to 25 
mg/L. NF removed sulfate 75.8% and RO 
99.4 % from the previous NF stage. 

 

Integrated membrane processes have several advantages. They can improve permeate 

quality, reduce energy consumption, lower environmental impact, and minimize the size of 

water purification plants. (Basile & Charcosset, 2016; Singh, 2015) Additionally, the 

membrane used in the previous step can lower fouling in the next stage, which increases 

permeate flux and decreases flux decline. Overall, membrane performance largely depends 

on the previous membrane unit. (Basile & Charcosset, 2016) The volume of concentrate may 

be considered in technologies that produce concentrates, and a two-stage RO process can 

help reduce the concentrate volume (Runtti et al., 2018). Furthermore, integrated membrane 

processes reduce specific energy consumption and osmotic pressure difference, improving 

permeate recovery within a single membrane filtration unit (Chong et al., 2015). 

Integrated membrane processes show great potential compared to single membrane filtration 

units, but they still produce streams that require disposal or another use. The reuse options 

for these streams, specifically regarding sodium sulfate solution from the battery industry, 

are discussed in the next chapter. 
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5.2  Reuse options for the streams from integrated membrane processes 

The reuse of the industrial waste streams is considered a viable approach for improving 

resource efficiency and reducing environmental impact (WEF, 2021). As discussed in 

Chapter 1.4, concentrated sodium sulfate effluent has significant environmental challenges, 

and direct discharge of these streams is not considered a sustainable solution. Furthermore, 

both regulatory requirements and cost savings related to water management and supply strive 

to find solutions for water reuse (WEF, 2021). This chapter covers the possible reuse options 

for the concentrated sodium sulfate stream battery precursor production and purified water 

with membranes. 

Recent studies have examined various methods for utilizing concentrated sodium sulfate side 

streams. The sodium sulfate stream from battery precursor production can be used in neutral 

electrolytic pickling, as demonstrated by Tuovinen et al. (2021). They tested an 8 wt% 

sodium sulfate stream and compared it to reagent-grade sodium sulfate, where results 

indicate enhanced scale dissolution using the impure sodium sulfate solution. Additionally, 

sodium sulfate can be converted back into the reagents needed for battery precursor 

production. Kuldeep et al. (2021) demonstrated the recovery of sodium hydroxide and 

sulfuric acid with over 95% purity through bipolar membrane electrodialysis from an 

effluent containing 110 000 mg/L of sodium sulfate. Another option is to convert sodium 

sulfate into a higher market value product potassium sulfate fertilizer. Zorzor et al. 2024 

simulated a glaserite process to convert an impure sodium sulfate solution to potassium 

sulfate. The simulations indicated that 90 wt% purity was reached for the product.  

In the case of purifying sodium sulfate containing wastewater with membranes, no studies 

were found that address its reuse in the process itself or in any other industrial process. The 

general industrial water use can be addressed to consider the reuse options for the purified 

wastewater. Figure 8 illustrates water flows in an industrial facility. 
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Figure 8. Water flows through an industrial facility. The water reuse cycle in the process 
is shown with purple arrows. (WEF, 2021) 

 

In the industry, water reuse is usually targeted to utilities' heating and cooling as these sectors 

use significant water volumes and the purity requirements are relatively low compared for 

example to drinking water. Potential applications also include process water and rinsing 

water for manufacturing equipment, with process water potentially requiring higher 

qualification standards. (WEF, 2021) 

Information found about water use in battery industry processes considered the pCAM 

production process, which is based on the found environmental permits. In these 

environmental permits, it is specified that the water used in cooling is demineralized, 

although its quality is not further specified in these documents. (ESAVI, 2023, 2024) 

However, based on the literature the conductivity of the demineralized water can deviate 

between 15–25 µS/cm (Rieger et al. 2009) and can be even up to 74 µS/cm (Song et al., 

2011). According to ESAVI (2023), in addition to demineralized water, raw water from 

Kokemäki river is planned to be used as cooling water in the pCAM production plant. A 

water quality assessment done between 2012 and 2022 for Kokemäki river reported the 

conductivity values ranging between 6.9 to 39 mS/m. Based on previous information found, 

the reuse options in the pCAM production process for the purified water with membranes 

are evaluated in the experimental part. 
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6  Materials and methods 

The experiments aimed to study concepts for concentrating and purifying pCAM residual 

solution from battery industry processes. RO was combined with NF, and RO was also 

integrated with crystallization. The high concentration of the feed was likely to lead more 

ions passing through the membrane, where multi-pass filtration is employed to increase the 

permeate purity. Additionally, as the membranes were exposed to high pressures, their 

effects were studied through compaction experiments. 

6.1  Measurement apparatus 

All filtration experiments were conducted using a one-cell flat-sheet crossflow system. The 

equipment is a self-built laboratory-scale filtration setup with a total system volume of 3.45 

L. The measurement system consisted of a one membrane cell, a diaphragm pump, and a 

2.85 L feed tank with temperature control through water circulation around the tank walls, a 

pressure valve, and a rotameter. The pressure gauge had a maximum reading of 60 bars, 

which was the highest pressure used in the experiments. The effective membrane area was 

100 cm². A simplified diagram of the measurement setup is shown in Figure 9. 

 

 

Figure 9. Experimental setup of the filtration equipment used. The schematic diagram 
(left) shows the main components, and the photograph (right) displays the 
equipment. Permeate was collected in a separate container, while the retentate 
was circulated back to the feed tank. 
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Flow velocity was maintained at 3.3 m/s in all experiments to ensure turbulent conditions in 

the flow channel and obtain comparable results. The turbulent conditions in the flow channel 

were ensured using a predetermined flow velocity-flow meter curve. Flux was measured 

manually by recording the mass of permeate over a 1-minute period. Retentate samples were 

collected during filtration from the valve at the bottom of the tank. Permeate was collected 

into a container from which samples were taken throughout the experiment. The conductivity 

of the retentate and permeate samples was measured using a Consort multi-parameter 

analyzer C3010 with SK20 conductivity electrode. Permeate flux was determined with the 

following Equation (4): 

 

𝐽 =
𝑚
𝐴 ∙ 𝑡

(4) 

 

Where J flux, kg/(m2h) 
 m permeate mass, kg 
 A membrane area, m2 
 t permeates collection time, h 
 
 
The permeate flux was monitored throughout all experiments to keep it as stable as possible. 

The permeate flux was kept stable by adjusting the transmembrane pressure and flow 

velocity. In the concentration experiments, particular interest was in tracking the decline in 

flux.  

6.2  Membranes and materials 

The measurements were conducted using one reverse osmosis membrane and two different 

nanofiltration membranes. Before installing the membranes into the cell, they were rinsed 

with both warm tap water and deionized water (<4 µS/cm). All the membranes are thin-film 

composite membranes with a polyamide active layer. The supporting material in Desal AG 

and Desal-5 DK membranes is polysulfone. (Frappart et al., 2008; Szymczyk et al., 2010) 

AG membranes are common for brackish water applications. Desal-5 DK membranes are 

used in various processes, including metal recovery, dye removal, and sodium chloride 
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diafiltration. NFG is ideal for applications that require separating large amounts of salt. 

Common uses for NFG membranes include concentrating and demineralizing lactose, 

desalinating dyes and optical brighteners, and desalinating seawater. (Synder Filtration, 

2025) The specifications and recommended maximum operating parameters of these 

membranes are summarized in Table 8. 

 

Table 8. Specifications for the selected commercial membranes 

Membrane Desal AG Desal-5 DK NFG 
Manufacturer GE Osmonics GE Osmonics Synder Filtration 

Maximum operating 
pressure, bar 

41.4 (600 psi) 41.4 (600 psi) 41.4 (600 psi) 

Maximum operating 
temperature, °C 

50 50 50 

Operating pH range 4–11 3–9 4–10 
Molecular weight cutoff 

(MWCO), Da 
N. A. 150–300 600–800 

 

The pCAM residual solution sample was obtained from the University of Oulu. Preliminary 

information indicated that it is solution originated from NMC battery material experiments. 

It mainly contains sodium sulfate and impurities of metals used in battery material 

production. A calibration curve was prepared to estimate the concentration of sodium sulfate 

solution using conductivity measurements. The calibration curve was prepared using Sigma-

Aldrich sodium sulfate decahydrate (≥99.0%), dissolved in deionized water with a 

conductivity <4 µS/cm. 

6.3  Estimation of sodium sulfate concentration  

A calibration curve was conducted to estimate the sodium sulfate concentration of the 

filtrated solution at each data point by measuring the solution's conductivity. The calibration 

curve was prepared using sodium sulfate decahydrate with purity of ≥99 %. Sulfate salt was 

diluted with pure water, aiming for concentrations of 0.5, 5, 10, 15, and 20 wt%. The 

conductivity of each solution was measured, and a second-degree polynomial was fitted to 

these data points (Figure 10). This polynomial was used to estimate the sodium sulfate 

concentration of the samples. 
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Figure 10. Aqueous sodium sulfate solution conductivity as a function of salt 
concentration at temperature of 25 °C. A second-degree polynomial fitted to 
the data was used to estimate the sodium sulfate concentration of samples. 

 

The conductivity of samples was measured, and the sodium sulfate concentration were 

determined using the calibration curve in Figure 10. The solution was known to contain 

primarily sodium sulfate, but ICP-MS analysis was done to get an understanding of what 

other contaminating metals are present besides sodium and whether the sodium sulfate 

concentration of the solution can be approximated reliably with the conductivity curve 

(Figure 10). 

Based on the ICP-MS analysis it was assumed that only sodium sulfate had significant effect 

to the sample conductivity. The results from the ICP-MS analysis were converted from ppb 

to mg/L using density of the specific sample. First using the sample conductivity sodium 

sulfate concentration was estimated with the calibration curve in Figure 10. Using the 

concentration, the density was determined from Appendix 1. Finally, the metal concentration 

measured with the ICP-MS in ppb was multiplied by the sample density to obtain 

corresponding concentration in mg/L.  

Sulfate concentration (see Chapter 7.7) was determined based on solution conductivity 

which was converted to weight percent with a conductivity curve (Figure 10). The solution 

density was assumed to be 1 kg/L to convert weight percent to g/L. Sodium sulfate 

concentration was converted to sulfate concentration using the molar mass ratio of sulfate to 

sodium sulfate. 
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6.4  Osmotic pressure evaluation 

The exact sodium sulfate concentration of the received pCAM residual solution was 

estimated to be between 10 and 15 wt%. The osmotic pressure for solution containing 10–

15 wt% sodium sulfate ranges from 40 to 60 bar (Equation 2) which is illustrated in 

Figure 11.  

 

 

Figure 11. Effect of salt concentration on calculated osmotic pressure of aqueous sodium 
sulfate solutions at 25 °C. The concentration range of the pCAM residual 
solution is shown with a green rectangle. Osmotic coefficients at each 
concentration are based on Guendouzi et al. (2002).  

 

Since only osmotic pressure is this high and the operational pressures are limited to 60 bar 

which was the safety limit of the filtration equipment, the concepts for sulfate enrichment 

and purification the pCAM residual solution were studied with diluted feed solutions. To 

ensure that the application of the theoretical model (Equation 2) for determining the osmotic 

pressure is applicable to the pCAM residual solution, experimental measurements were 

conducted to compare theoretical and experimental values. The experimental osmotic 

pressure was determined from flux data plotted against pressure and extrapolated the linear 

regression to estimate the pressure at which flux becomes zero. The osmotic coefficients 

used in theoretical osmotic pressure calculations are based on Guendouzi et al. (2002). The 

comparison of theoretical and experimental osmotic pressures is presented in Chapter 7.2. 
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6.5  Sulfate enrichment experiments 

The purpose of the sulfate enrichment experiments was to minimize the volume of the 

retentate. Additionally, the comparison was made between single-stage systems and the 

integrated membrane filtration system. The concentration filtration was conducted using 

single RO and NF stages, as well as a combined RO+NF process, shown in Figure 12. 

 

Figure 12. Measurement configuration used in the concentration experiments: a) reverse 
osmosis, b) reverse osmosis followed by nanofiltration, c) single-stage 
nanofiltration. 

 

Experiments began with RO filtration, starting at 40 bar with a permeate flux of 33 kg/(m2h), 

which was kept constant during all measurements by increasing the pressure. Flux was 

measured every 20 minutes, and when it approached 30 kg/(m2h), the pressure was increased 

by 2 bar. Samples from both the concentrate and permeate were collected every 45 minutes. 

Approximately 120 g of feed was added every 20 minutes until the maximum pressure of 60 

bar was reached. Each concentration experiment was considered complete when the flux 

dropped to 10 kg/m²h, ensuring the results remained as comparable as possible. Determining 

the total concentrate volume required additional attention because some was retained in the 

pump and piping. This is explained in chapter 6.3. The previously described RO filtration 

process was repeated to produce enough feed for the NF step. 

The concentrate from the two RO sets was combined and used as feed for the NF stage. NF 

was first performed with NFG (MWCO 600-800 Da). Measurement began once the permeate 

flux reached 33 kg/m²h by increasing pressure with the pressure valve and feed flow velocity 

a) b) 

c) 
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by adjusting the pump speed. Flux was measured every 10 minutes, and pressure was 

increased by 2 bars when the flux approached 30 kg/m²h. Feed was added approximately 

100 grams at a time until it ran out, and conductivity samples from the concentrate and 

permeate were taken every 45 minutes. After filtering with NFG, the measurement was 

repeated using the Desal DK membrane. The feed for Desal DK filtration was prepared from 

the permeate and concentrate of NFG filtration, with the concentration adjusted to match the 

NFG feed from the RO stage. Single-stage NF was done similarly as described in this 

paragraph. Operating conditions for the concentration experiments are presented in Table 9. 

 

Table 9. Operating conditions for the concentration experiments with RO+NF and 
single-stage NF configurations for pCAM residual solution. The used 
membranes, operating pressures, and filtration times for each processing step 
are presented in the table. The temperature in each experiment was 25°C. 

Experiment Unit Membrane Pressure, bar Time, min 

RO–NF 
concentration 

RO Desal AG 40–60, 40–60 420, 600 
NF NFG 8–20 510 
NF Desal-5 DK 50–60 380 

Single-stage NF 
concentration NF Desal DK 37-60 580 

 

The experiments shown in Table 9 can be compared using the volume reduction factor 

(VRF). The VRF is a useful parameter, especially in concentration experiments, as it 

indicates how much the feed's volume has been reduced through filtration (Equation 5). 

 

𝑉𝑅𝐹 =
𝑉'
𝑉(

(5) 

 
Where VRF volume reduction factor, - 
 VF feed volume, L 
 VR retentate volume, L 

6.6  Water purification experiments 

The feed for water purification experiments was permeate from an upstream membrane 

filtration unit treating pCAM residual solution. Two different configurations where tested: a 

multipass RO and two-stage NF+RO. The water purification experiments aimed to 



48 
 

determine the sodium sulfate purity level that could be achieved for the permeate using 

multipass RO and two-stage NF+RO processes. Additionally, the multipass RO and two-

stage NF+RO systems are compared to single-stage RO and NF units. Measurement setups 

are shown in Figure 13. 

 

           

Figure 13. Experimental setups for purification experiments: a) multipass RO; b) two-
stage NF+RO. 

 

The main idea of the purification experiments was to use the permeate from the previous 

step as the feed for the next stage and improve permeate purity through this multipass process 

approach. The permeate obtained from the RO filtration during the concentration 

measurements was used as the feed for the second stage of the multipass RO configuration. 

The measurement procedure of this first stage was described in chapter 6.2.1, but the stage 

was repeated twice and the resulting permeates were mixed. Flux was kept at 33 kg/(m2h) 

also in the second and third also in second and third stages of the multipass RO where where 

flux was measured every 20 minutes, and pressure was increased by 0.5 bar when flux 

dropped below 33 kg/(m2h). Samples from the retentate and permeate were taken 45 minutes 

apart, and 100 g of feed was added every 20 minutes. When there was no feed to add the 

experiment was continued for three hours and then it was stopped. 

The membrane Desal-5 DK for the NF was chosen based on concentration experiments. NF 

stage was carried out as previously described, except the pressure was increased by 1 bar 

every 20 minutes due to the feed being more concentrated compared comparedto the second 

and third RO stages in the multipass RO. The RO stage in the NF+RO system followed the 

procedure described in the previous paragraph. Operational parameters for the purification 

experiments are shown in Table 10. 

a) b) 
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Table 10. Operational parameters for the RO+RO+RO and NF+RO purification 
experiments, including used membranes, operational pressures, and the 
duration of the experiments. 

Experiment Unit Membrane Pressure, bar Time, min 

RO–RO–RO 
purification 

1st RO Desal AG 40–60, 40–60 420, 600 
2nd RO Desal AG 17–18.5 480 
3rd RO Desal AG 14–14.5 340 

NF–RO 
purification 

NF Desal DK 37–60 580 
RO Desal AG 18.2–20.5 560 

 

For each processing step, a few processing parameters were determined to allow comparison 

between steps. Water recovery can be calculated using permeate and feed volumes with 

Equation (6) (Strathmann, 2011). 

∆=
𝑉)
𝑉'

(6) 

Where Δ water recovery, - 
VP permeate volume, L 

  
 

Solute rejection describes how effectively a membrane separates the solute and can be 

calculated with Equation (7) (Strathmann, 2011) 

𝑅* = 1 −
ln C1 − 𝑐̅∆𝑐'

D

ln(1 − ∆)
(7) 

Where RS solute rejection, - 
 𝑐̅ mixing cup permeate concentration, g/L 
 cF feed concentration, g/L 
 
Cumulative solute rejection was calculated using Equation (8) to evaluate the overall 

rejection of the multipass RO and integrate NF+RO processes.  

 

𝑅+,- = 1 −FG1 − 𝑅.,0H
1

023

(8) 
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Where Rcum cumulative solute rejection, - 

6.7  Concentrate volume determination 

Determining the retentate volume required separate attention because some of it remained 

in the equipment pump and piping. The retentate was emptied from the tank through the 

bottom valve and the top valve that emptied the flow meter. Then, pure water was added to 

the tank, with its mass known, and mixed with the remaining retentate in the equipment by 

running the pump for 5 minutes. After mixing, the conductivity of the solution in the system 

was measured from a sample taken from the bottom valve. The volumes of the feed, 

concentrate, and permeate were determined using the mass of the solution, and the density 

of a specific concentration of sodium sulfate solution is presented in Appendix 1. The 

concentrate volume was calculated through a mass balance, starting with the volume of the 

concentrate remaining in the equipment (Equation 9). 

 

𝑐4𝑉4 + 𝑐(𝑉(,3 = 𝑐5G𝑉(,3 + 𝑉4H (9) 𝜎4𝑉4 + 𝜎(𝑉(,3 = 𝜎5G𝑉(,3 + 𝑉4H (6) 

 
Where cW pure water concentration, g/L 
 VW added pure water volume, L 
 cR retentate concentration, g/L 
 VR,1 retentate volume left in the equipment, L 
 cM mix concentration, g/L 

 

Total retentate concentration was calculated using the following mass balance Equation 10. 

 

𝑐'𝑉' = 𝑐𝑉( + 𝑐)𝑉) + 𝑐5(𝑉(,3 + 𝑉4) (10) 

Where cF feed concentration, g/L 
 VF feed volume, L 
 VR retentate volume, L 
 cP permeate concentration, g/L 
 VP permeate volume, L 
 
Concentrations in Equation (9) and Equation (10) were determined using the second-degree 

polynomial fit (see Chapter 6.3). 
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6.8  Membrane performance experiments 

Membrane compaction measurements were performed to observe how membrane flux 

changes when operated at pressures higher than manufacturer specifications presented in 

Table 8. Compaction testing was conducted for 2 hours at each pressure, with flux 

measurements taken every 10 minutes. For the reverse osmosis membrane Desal AG, 

experimented transmembrane pressures were 40, 50, and 60 bar. Both nanofiltration 

membranes, Desal DK and NFG, were experimented at pressures of 20, 40, 50, and 60 bar. 

Measurements started from the lowest pressure and gradually increased to the highest. Each 

pressure was maintained 2 hours after which pressure was immediately increased to the next 

measured pressure and new 2-hour measurement period was started. The collected flux data 

over time were used to compare the membranes by calculating their permeance using the 

following Equation (11): 

𝑃 =
∆𝐽
∆𝑝

(11) 

Where P permeance, L/(m2 h bar) 
 Δp pressure increment, bar 
 

Together with the with compaction experiments, the osmotic pressure of concentrations 2.6, 

5.1, 7.4, and 10.1 wt.-% sodium sulfate was determined experimentally and compared to the 

theoretical value calculated using Equation (2). The 10 wt% solution was first prepared from 

the received pCAM residual solution sample. Subsequent data points were diluted from the 

more concentrated solution with pure water. After adding the pure water, the feed was mixed 

by running the pump for 5 minutes, and the feed concentration was determined with 

conductivity and a calibration curve.  

For each concentration, flux was measured at four different pressures. The starting pressures, 

calculated using the theoretical equation, were 10, 22, 32, and 42 bar for concentrations 

ranging 2.6 to 10.1 wt%, respectively. Flux was measured in 2-bar increments from the 

starting pressure. A Desal AG membrane was used in these experiments, where pressure was 

maintained 2 bar higher than the first data points for 2 minutes to ensure that the membrane 

was fully saturated and to prevent air bubbles in the permeate tube, which could cause errors 

in the measured flux. 
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6.9  Cooling crystallization pre-experiments and integration with Reverse 

Osmosis 

Figure 4 did show that the solubility of sodium sulfate in water decreases with decreasing 

temperature. Therefore, cooling crystallization can be a useful method for separating sodium 

sulfate from wastewater produced in the battery industry. First, the crystallization behaviour 

of the pCAM residual solution was studied through pre-experiments. Samples of 150 ml 

were prepared with 4.1, 6.2, 7.6, and 9.1 wt% concentrations from the pCAM residual 

solution sample. Then they were kept in a refrigerator at 8 °C for 12 hours to ensure an even 

temperature throughout. Afterward, the samples were transferred to a freezer for 3 hours. 

Following that, they were returned to the refrigerator for one hour inside an insulated 

styrofoam container to maintain as consistent temperature as possible across the sample. The 

temperature of the samples was then measured, and the formed crystals and liquid were 

separated rapidly with a sieve. The mass of the mother liqour and crystals was measured, 

and the temperature of the samples was brought to room temperature (21 °C), and the 

conductivity of the mother liqour was measured. The same procedure was also repeated with 

freezing times of 2, 1 and 0.5 h. 

Based on pre-experiments, cooling crystallization was integrated with reverse osmosis to 

improve the purification of pCAM residual solution. The integrated cooling crystallization 

and reverse osmosis system used in the experiment is shown in Figure 14. 

 

 

Figure 14. Integrated cooling crystallization reverse osmosis system experimented in this 
study. Crystallization and RO are alternated, where crystals are separated 
crystallization and mother liquor and permeate and retentate streams in RO 
proceed to the next stages as shown in the figure. 
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For these experiments, 10 L of 6 wt% sodium sulfate solution was prepared from a pCAM 

residual solution sample. The solution was first kept at 8 °C for 12 hours and then transferred 

to a freezer at -18 °C until the solution temperature reached -1 °C. The formed crystals were 

again separated from the mother liquor using a sieve.  

The separated mother liquor was then concentrated with a RO unit using a Desal AG 

membrane, targeting a 5 wt% retentate concentration. The permeate flux was measured 

every 20 minutes, maintaining it at 33 kg/(m2h) with increasing pressure until the target 

concentration was reached. Conductivity measurements were done for the samples taken 

from the permeate and retentate every 30 minutes at the same time measuring permeate mass. 

After reaching 5 wt% in the retentate, it was collected from the equipment by opening the 

bottom valve and top valve, which empties the flow meter. Then, the pump was run until an 

air bubble appeared in the flow meter, and the concentrate was emptied from the top valve. 

The cell was emptied of the concentrate by blowing it with pressurized air. Cooling 

crystallization and RO filtration of the separated mother liquor were repeated as described 

above.  
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7  Results and discussion 

This research aimed to study how integrated membrane processes can be used to concentrate 

and purify pCAM residual solution. In addition, the suitability of certain commercially 

available membranes is evaluated for the needs of the battery industry. This chapter presents 

the experimental results, and in the end, the research questions are answered, and the 

potential of using these processes on an industrial scale is evaluated. 

7.1  ICP-MS analysis 

In addition to sodium, nickel was the only metal detected with the ICP-MS analysis. The 

weight percentage of nickel from the sodium in the different samples taken during the 

RO+NF sulfate enrichment experiment is presented in Table 11. The conversion of the data 

from ppb to mg/L was explained in Chapter 6.3. 

 

Table 11. Nickel as a weight percentage from the sodium in the samples taken during the 
RO+NF sulfate enrichment experiments 

Sample Conductivity, mS/cm Na, mg/L Ni, mg/L Ni/Na ratio, 
% 

Feed to RO (Desal AG) 36.2 19 177 3.1 0.016 
NF permeate (Desal-5 DK) 9.5 3 151 0.3 0.008 
NF retentate (Desal-5 DK) 79.4 95 457 24.6 0.026 

NF permeate (NFG) 52.1 57 925 5 0.009 
NF retentate (NFG) 68 75 228 21 0.028 

 

Table 11 shows that nickel is concentrated in the retentate, but the concentration is minimal 

compared to the sodium in the samples. A maximum of 0.03 % nickel from the sodium 

content in the samples is detected. This supports the assumption that the solution consists 

mainly of sodium sulfate, and the concentration can be approximated with the calibration 

curve (Figure 10) with sufficient accuracy.  
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7.2  Comparison of theoretical and experimental osmotic pressures 

Experimental osmotic pressure of pCAM residual solution was determined in different 

concentrations to compare it to theoretical osmotic pressure. Flux change as a function of 

operational pressure near the theoretical osmotic pressure is presented in  Figure 15.  

 

 

Figure 15. Flux data as a function of pressure from a crossflow filtration of sodium sulfate 
solutions with concentrations between 10.1 to 2.6 wt%. The temperature was 
25 °C and the flow velocity was 3.3 m/s. Desal AG membrane was used in the 
experiments. 

 

Figure 15 shows that the flux increases linearly with pressure for each experimented 

concentration (10.1-2.6 wt%). Additionally, it can be observed that the slope of the linear 

regressions decreases from 0.615 to 2.07 as concentration increases from 10.1 to 2.6 wt%. 

This is likely due to the osmotic pressure increasing with higher solution concentrations, 

which leads to decreased permeability. Table 12 shows the theoretical and experimental 

values (x-intercepts) for osmotic pressure for each solution, along with the relative error 

between the theoretical and experimental values. 
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Table 12. Comparison between experimentally and theoretically determined values for 
sodium sulfate solution osmotic pressures at 9.7, 7.4, 5.4, and 2.9 wt% at 25 
°C . Osmotic coefficients for the solutions are presented, and relative error is 
calculated to evaluate the deviation between experimental and theoretical 
values 

Concentration, 
wt% 

Theoretical 
osmotic 

pressure, bar 
π=icRTφ  

Experimented 
osmotic pressure, 

bar 

Osmotic 
coefficient, - 
(Guendouzi 
et al., 2002) 

Relative 
error, % 

9.7 37.09 38.02 0.672 2.51 
7.4 28.30 30.64 0.691 8.28 
5.4 20.85 21.28 0.708 2.05 
2.9 11.47 9.89 0.743 13.8 

 

The comparison of experimental and theoretical osmotic pressure values (Table 12) shows 

good agreement with relative errors ranging from 2.05 to 13.8 %. The most significant 

relative error can be seen in concentrations of 2.9 wt% and 7.4 wt%. Despite these results 

they show no direct correlation between relative error and solution concentrations. Based on 

the results, it is at least preliminarily possible to estimate the osmotic pressure of the solution 

using the theoretical Equation (2) and determine the operational pressure required for 

filtration to achieve a specific permeate flux. 

7.3  Effect of filtration pressure on membrane flux 

Membrane compaction was examined with membrane flux measurements at different 

filtration pressures for all used membranes to observe how operating at pressures above the 

manufacturer’s specifications affect membrane performance. It was assumed that fouling 

would not occur on the membrane, and the flux decline would be solely due to membrane 

compaction at a given pressure. Flux during the 2-hour measurement for the experimented 

membranes at specific pressures is shown in Figure 16. 
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Figure 16. Membrane pure water flux within 2h at pressures of 40, 50, and 60 bar. NF 
membranes were also experimented with at 20 bar pressure. The temperature 
during the experiment was 25 °C, and the flow velocity was kept at 3.3 m/s. a) 
Desal AG b) Desal-5 DK (MWCO: 150-300 Da) and c) NFG (MWCO: 600-
800 Da) 

 

Figure 16 shows that flux decline occurs with all the membranes which indicates compaction 

(see Chapter 4.2). The Desal AG membrane maintains a consistent decline rate (Figure 16a). 

Figure 16a also indicates that compaction may continue after the 2-hour filtration period. 

The Desal-5 DK membrane shows no significant compaction at 20 and 40 bar, as the flux 

remains steady during the 2 hours. At 50 and 60 bar, the flux decline becomes noticeable 

with the most significant decrease at 50 bar during the first hour (Figure 16b). The NFG 

membrane shows the most signs of compaction as the flux drops from 330 to 240 kg/(m2h) 

at just 20 bar. Additionally, it appears that flux decline slows as pressure increases, likely 

due to membrane compaction at lower pressures. Most of the compaction for NFG occurs 

during the first hour (Figure 16c). 
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The membrane permeability can provide indications of the membrane's mechanical 

durability under specific process conditions. If the permeability stays consistent with 

pressure, the membrane can tolerate those conditions. The permeance at the end of the 2-

hour measurement, relative to pressure, is shown in Figure 17. 

 

 

Figure 17. Pure water permeability of three membranes (Desal AG, Desal-5 DK, NFG) 
with respect to pressure at 120 minutes. The temperature was 25 °C and the 
flow velocity was 3.3 m/s. 

 

The permeability of the reverse osmosis membrane Desal AG remains steady with increasing 

pressure (Figure 17) In contrast, NF membranes Desal-5 DK and NFG show a decrease in 

permeance as pressure rises, which shows that NF membranes are more sensitive to 

compaction than RO membrane. Especially, NFG shows more noticeable permeability 

decline than Desal-5 DK. Although NF membranes shows more sensitivity to compaction 

both NF membranes have higher permeability than RO membrane at the measured pressures. 

These results indicate that Desal AG tolerates better elevated operation pressures without 

compaction whereas compaction occurs with NF membranes continues throughout the 

studied pressures and the compaction may continue at higher pressures. Pure water flux 

(PWF) measurements were also performed on the membranes (Figure 18), which can also 

indicate compaction. 
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Figure 18. Pure water flux as a function of pressure for the experimented membranes 
Desal AG, Desal-5 DK and NFG. The temperature was 25 °C with a cross-
flow velocity of 3.3 m/s. Detailed filtration times and pressure ranges are 
shown in Table 9 and Table 10. 

 

Figure 18 shows that Desal AG PWF increases with rising pressure, and the PWF has 

minimal decline after the RO filtration experiments. This indicates that the Desal AG 

membrane can maintain good performance even after multiple RO cascade steps. It can also 

be noticed that, since there is no flux decline between data sets, the solution is not fouling 

the membrane. In contrast, the difference in PWF is more noticeable before and after 

filtration for the Desal-5 DK and NFG membranes. The NFG shows the most decline in 

PWF. This decline in both NF membranes is likely due to permanent membrane compaction.  

0

50

100

150

200

0 20 40 60 80

PW
F,

 k
g/

(m
2 h

)
Pressure, bar

Desal AG

Before filtration RO RO-RO RO-RO-RO

0
50

100
150
200
250

0 20 40 60

PW
F,

 k
g/

(m
2 h

)

Pressure, bar

Desal-5 DK

Before filtration RO-NF Direct NF

0

100

200

300

400

0 20 40 60

PW
F,

 k
g/

(m
2 h

)

Pressure, bar

NFG

Before filtration After filtration



60 
 

7.4  Sulfate enrichment experiment results  

Sulfate enrichment experiments were conducted to compare how effectively the integrated 

RO+NF process can concentrate sodium sulfate rich pCAM residual solution feed compared 

to a single-stage RO and NF process. The purpose was to study whether the integrated 

configuration can produce more concentrated retentate with a smaller volume than the 

single-stage process. Figure 19 shows flux data for the RO stage of the integrated RO+NF 

system and single NF stage filtration, along with flux data in the NF stage of the integrated 

system using Desal-5 DK and NFG membranes. Single stage RO was repeated twice to get 

enough feed to the NF stage. 

 

  

Figure 19. Flux change during membrane filtration of sodium sulfate solution at 25 °C 
with a cross-flow velocity of 3.3 m/s: a) single-stage RO and NF, b) integrated 
RO+NF membrane process NF stage. Operating pressure ranges were 40-60 
bar for RO1 and RO2 (5 wt% feed), the single-stage NF operated at 37 to 60 
bar (5 wt% feed), 50-60 bar for Desal-5 DK (7 wt% feed), and 8-20 bar for 
NFG (7.5 wt% feed).  

 

Figure 19 shows the flux data for the two RO filtrations RO1 and RO2 seems to follow each 

other until 420 minutes have passed. RO2 was continued to 600 minutes where the flux 

declined to 18 kg/(m2h). In comparison, in the single-stage NF flux decline began at around 

280 minutes, and it dropped to lower level 10 kg/(m2h) than RO. This is probably due to 

more concentrated feed than in RO and the NF membrane Desal-5 DK compaction.  
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In the integrated RO+NF process (Figure 19b), the flux behaviour in the NF stage differs 

significantly between the Desal-5 DK and NFG. With the Desal-5 DK the flux decline began 

already around 100 minutes but with the NFG flux remained stable until 350 minutes where 

flux started declining. This is likely due to the different MWCO values of the membranes 

(Desal-5 DK 150-300 Da; NFG 600-800 Da) as the more open membrane NFG concentrates 

the feed less effectively, resulting in a slower increase in osmotic pressure across the 

membrane and later flux decline than with the Desal-5 DK. Concentration in retentate and 

permeate during the filtration of single-stage NF and RO filtration is presented in Figure 20. 

 

   

Figure 20. Sodium sulfate concentration change in a) retentate; b) permeate during 
filtration of single stage NF (Desal-5 DK) and RO (Desal AG). Temperature 
was 25 °C with a flow velocity of 3.3 m/s. Feed to the RO stage was 4 wt%, 
and to NF feed concentration was 5.3 wt%. Pressure range in NF was 37-60 
bar and RO was 40-60 bar. 

 

Figure 20a shows that the concentration of retentate in a single-stage NF process appears to 

increase more rapidly than in RO filtration, which comes more evident after 100 minutes. 

This is probably due to the more concentrated feed in the NF stage. At the end of filtration 

can be noticed that single NF step produces more concentrated retentate than the RO stage. 

If RO stage had been continued longer, the retentate concentration would likely have been 

reached a similar concentration than NF stage. However, at this point the rate of 

concentration in the first RO stage was so slow that continuing the experiment would not 

provide significant additional value for the study. Figure 20b shows that permeate 

concentration in RO remains lower throughout the filtration, indicating better salt rejection 
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compared to NF. However, both RO and NF units reach a permeate concentration of 1.1 

wt% in the end. Sodium sulfate concentration in the retentate and permeate during the 

integrated RO+NF process is presented in Figure 21. 

 

 

Figure 21. Sodium sulfate concentration change in a) retentate; b) permeate during 
filtration of integrated RO+NF process. RO stage was conducted first and 
followed by NF using either NFG and Desal-5 DK membrane. The temperature 
was 25 °C with a flow velocity of 3.3 m/s. RO was operated at pressures 40-
60, 50-60 bar for Desal-5 DK, and 8-20 bar for NFG. 

 

Figure 21a shows that the integrated RO+NF process using Desal-5 DK in the NF stage can 

increase the retentate sodium sulfate concentration to 9.5 wt%, up from the RO retentate 

containing 8.5 wt% sodium sulfate. The slightly lower concentration of sodium sulfate in 

the NF feed after RO is due to the mixing of retentates from the two repeated RO filtrations. 

Despite that, the results show that the retentate concentration can be increased with an 

additional NF step. 

In the permeate (Figure 21b), the concentration from NFG filtration is significantly higher, 

around 6 wt%, while with Desal-5 DK, the permeate concentration is about 1 wt%. This 

concentration difference is most likely explained by the lower MWCO of the Desal-5 DK 

(150-300 Da) compared to NFG (600-800 Da). The tighter Desal-5 DK membrane structure 

retains the sodium and sulfate ions more effectively. This indicates that the NF step using 

the Desal-5 DK membrane after RO not only produces more concentrated retentate but also 

produces cleaner permeate, which can reduce additional treatment steps for the permeate.  
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Processes are illustrated with block diagrams where Figure 22 presents block diagrams for 

the single stage RO and NF processes. 

 

 
Figure 22. Block diagram of the single stage RO and NF process in sodium sulfate 

enrichment: a) RO (Desal AG) and b) NF (Desal-5 DK). The temperature was 
25 °C with a flow velocity of 3.3 m/s at each stage. RO was operated at 
pressures 40-60, 37-60 bar for Desal-5 DK  

 

Figure 22 shows that in these experiments single stage NF achieves more concentrated 

retentate (9.3 wt%) but lower VRF value (1.9) than single stage RO (8.6 wt%) with a VRF 

value of 2.2. However, the different feed concentrations probably are affecting to the 

retentate concentration and VRF value of the single stage processes. Block diagrams of the 

integrated RO+NF processes are presented in the Figure 23. 

 

 

 

 

a) b) 
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Figure 23. Block diagram of the integrated RO+NF process in sodium sulfate enrichment: 
a) Desal AG+NFG and b) Desal AG+Desal-5 DK. The temperature was 25 °C 
with a flow velocity of 3.3 m/s at each stage. RO was operated at pressures 40-
60, 50-60 bar for Desal-5 DK, and 8-20 bar for NFG. 

 

Block diagrams in Figure 22 and Figure 23 shows that in these experiments integrated 

RO+NF process using Desal-5 DK membrane in the NF stage (Figure 23b) can achieve 

retentate with the highest sodium sulfate concentration with lowest retentate volume 

compared to the feed volume as the process has highest VRF value. However, these sulfate 

enrichment experiments were not optimized, instead it was aimed to demonstrate their 

practical feasibility. Therefore, the reported VRF values do not show the absolute 

performance of the process configurations and they are limited by the experimental 

conditions. The achievable VRF value was primarily limited by the safety limit of the 

equipment (60 bar). Additionally, extending the filtrations to lower flux values would likely 

result in a smaller retentate volume and its higher sodium sulfate concentration. On the other 

hand, higher operating pressures would have increased the membrane compaction 

particularly with NF membranes Desal-5 DK and NFG, leading to a decline in permeate flux 

and weaken process performance over time. 

7.5  Water purification with multistage membrane solutions 

Permeates of the preceding RO/NF/RO+NF steps (see Chapter 7.4) were further purified 

with a multipass RO and integrated NF+RO. The multipass RO was selected to demonstrate 

the concept in practice using pCAM residual solution as feed while NF+RO configuration 

a) b) 
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was chosen to investigate the effect of the NF step prior to RO step on its performance. Flux 

data of these experiments is presented in Figure 24. 

 

  

Figure 24. Permeate flux as a function of time for the purification experiments a) 
RO+RO+RO and b) NF+RO. Desal AG was in the RO and Desal-5 DK in the 
NF. Temperature 25 °C and flow velocity 3.3 m/s. Feed to the RO stage was 4 
wt% and to NF 5.3 wt% sodium sulfate. 

 

Figure 24a shows that in the first RO stage of the multipass RO configuration, flux started 

to decline after 300 minutes. In the second stage, flux appears to stay higher for a longer 

time than in the first RO stage. In the third stage, flux decline is not observed during the 

experiment. Probably, flux decline would have been noticed if the experiment had been 

continued longer. Similar observations can also be made from Figure 24b. In the NF+RO 

filtration RO stage maintains higher flux for longer than the NF stage. The observations that 

the flux remains higher for longer in the next filtration stage is probably due to the lower 

sodium sulfate concentration compared to the feed of the earlier stages. Sodium sulfate 

concentration in retentate and permeate are presented in Figure 25. 
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Figure 25. Sodium sulfate concentration in a) retentate b) permeate as a function of time 
in feed purification with multipass RO (Desal AG) and NF+RO (Desal-5 DK+ 
Desal AG) configurations. Temperature was 25 °C and flow velocity 3.3 m/s. 
Feed to the RO stage was 4 wt% and to NF 5.3 wt%.  

 

Figure 25 shows that most significant purification occurs in the first stage of the multipass 

RO and in the NF stage of the integrated NF+RO process. The third RO stages in the 

multipass RO setup further reduced the sodium sulfate concentration in the permeate from  

the previous stage (Figure 24b). In this study, the multipass RO setup produces permeate 

with lower sodium sulfate concentration than the NF+RO setup. Nevertheless, additional 

filtration stages could also be added after the NF+RO further purify the permeate to the 

similar level that was achieved with multipass RO. Block diagram and stage-wise solute 

rejection of the multipass RO is presented in the Figure 26. 
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Figure 26. Block diagram of the water purification with multipass RO. Temperature at 
each stage was 25 °C and flow velocity 3.3 m/s. Sodium sulfate concentration 
of the streams is in parenthesis. Rs indicates solute rejection. a More feed was 
made to the final stage, permeate volume from the second stage was 2.6L  

 

Figure 26 demonstrates that the multipass RO reduces the sodium sulfate concentration from 

3.8 wt% to 0.08 wt%. It is also observed that solute rejection decreases at each processing 

step. This can be because the calibration curve (Figure 10) may be inaccurate at low sodium 

sulfate concentrations as the conductivity of pure water predicted by the calibration curve is 

28 µS/cm whereas the deionized water used for dilution had a conductivity below 4 µS/cm. 

This inaccuracy possibly affects the calculated solute rejection and estimation of permeate 

concentration, particularly in the third RO stage. Nevertheless, the cumulative solute 

rejection (Equation 8) is 99% for the multipass RO, indicating excellent sodium sulfate 

separation of the overall process. The second tested purification configuration, integrated 

NF+RO process is illustrated with a block diagram in Figure 27. 
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Figure 27. Block diagram of the water purification with integrated NF+RO process. 
Temperature at each stage was 25 °C and flow velocity 3.3 m/s. Sodium sulfate 
concentration of the streams is in parenthesis. Rs indicates solute rejection. 
b More feed was made to the final stage, permeate volume from the stage was 
2.6L 

 

Figure 27 illustrates that integrated NF+RO purification process can reduce sodium sulfate 

concentration from 5 wt% to 0.15 wt%. The cumulative solute rejection for this process is 

calculated as 98 % which is slightly lower than 99 % which was achieved with multipass 

RO. This difference is likely due to the lack of process optimization and more filtration 

stages could have been added for the NF+RO process to improve permeate purity. 

Based on the block diagrams shown in Figure 25 and Figure 26, the integrated NF+RO 

process produces 2.7 L permeate where feed volume was 5.2 L, while multipass RO 

produces less purified permeate 1.9 L with higher feed volume of 12.3 L. The result suggests 

that multipass RO produces a purer permeate but lower permeate volume than the integrated 

NF+RO process. However, flux data (Figure 23a) shows minimal flux decline in the second 

and third stage of the multipass RO and they could have been operated longer to increase the 

permeate volume. 

 

 



69 
 

7.6  Combined cooling crystallization+reverse osmosis concept for sodium sulfate 

removal 

Before the actual crystallization experiments, preliminary cooling crystallization 

experiments were carried out to observe the crystallization behavior of the pCAM residual 

solution. As the solution particularly contains sodium sulfate and water, the eutectic point of 

this binary system is relevant considering the crystallization phase of the combined cooling 

crystallization+RO process. Eutectic point is where ice and sodium sulfate decahydrate starts 

to form (Aspeling et al. 2020). Temperatures under the eutectic point temperature should be 

avoided as they can lead to conditions where only solid phases occurs and liquid phase 

cannot be separated. Results from the preliminary tests with relevant literature values are 

summarized in Table 13. 

 

Table 13. Pre-experiment results for pCAM residual solution crystallization. The 
concentration of the mother liquor after crystal separation is shown as wt% at 
each temperature. For comparison relevant literature value for sodium sulfate 
solubility are included. 

Initial concentration, wt% -1.2 ℃ -1 ℃ 0 ℃ 1 ℃ 
9.1 3.68 3.58 5.10 5.77 
7.6 4.89 6.10 6.05 7.63 
6.2 3.68 3.22 4.70 6.72 
4.1 3.50 3.23 4.32 4.34 

Reference value 4.19 (-1.27 ℃)a 2.15 (-0.76 ℃)b 4.76c - 
a Eutectic point (Randall et al., 2009), b (Seidell, 1928), c (Stephen & Stephen, 1979) 

 

Table 13 shows that the cooling temperature can be reached close to the eutectic point, but 

the concentrations deviate significantly between each initial concentration and from the 

literature values. Sodium sulfate solubility should be constant regardless of the solution’s 

initial concentration. Therefore, the values in the Table 13 cannot be considered as fully 

accurate for the system and the crystallization system will be robust but precise enough to 

demonstrate the combined cooling crystallization+RO system.  

From the Table 13 can be observed that the lowest sodium sulfate concentration can be 

obtained to the mother liquor at the temperature of -1 °C, which was used as a cooling 

temperature in the actual crystallization experiments. The first crystallization stage was 
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carried out with a more diluted solution than could be achieved with used single stage RO 

filtration system (8.5 wt%). The change in sodium sulfate concentration at each separation 

step of the combined cooling crystallization+RO process is illustrated in Figure 28. 

 

 

Figure 28. Sodium sulfate concentration at different stages during the first and second 
crystallization+RO sequences. Cooling crystallization was used, where the 
solution was cooled to -1°C, and the formed crystals were separated. The 
mother liquor was then concentrated with RO. 

 

As shown in the Figure 28, separation was achieved at each processing step. In both 

sequences, crystallization reduced the mother liquor concentrate below 4 wt%. The 

separation was more efficient in the first sequence, where the mother liquor concentration 

decreased to around 3 wt%. In both stages the retentate was concentrated close to the targeted 

5 wt% concentration. Ideally, from the sodium sulfate removal point of view the retentate 

could be concentrated within the limits of the filtration equipment and within the overall 

cooling crystallization+RO process energy balance point of view to maximize the salt 

removal in the crystallization step. Additionally, the RO step was monitored using flux and 

conductivity measurements from the permeate and retentate, with results shown in Figure 

28. 
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Figure 29.  Reverse osmosis (Desal AG) membrane filtration stages used in the combined 
crystallization+RO process for sodium sulfate separation from water. 
Subfigures: a) permeate flux, b) retentate concentration and c) permeate 
concentration change over time. Experiments were done at 25 °C with a 
crossflow velocity of 3.3 m/s. RO1 refers to the reverse osmosis step in the 
first purification sequence and RO2 to the second sequence. 

 

Figure 29a shows that flux stays consistent in both RO stages, which also results in a steady 

increase in retentate concentration (Figure 29b), ending in 5 wt% retentate in both stages. 

The feed for RO2 is slightly more concentrated; however, the permeate is less concentrated 

compared to RO1 (Figure 29c). This may be because the stream has already been treated 

with crystallization and RO steps, removing certain impurities and possibly making the 

solution less complex for the second RO stage or it can be because the crystallization process 

is robust and not optimized. Block diagram of the combined cooling crystallization+RO 

system and solute rejection of the RO stages is presented in the Figure 30. 
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Figure 30. Block diagram of the combined cooling crystallization+RO system for sodium 
sulphate removal from pCAM residual solution. Solution was cooled to -1 °C 
at the crystallization stages. Both RO stages were operated at 25 °C with a 
crossflow velocity of 3.3 m/s. Operating pressures were 31.5-39.5 bar for the 
first RO stage and 33-39 bar for the second stage. 

 

Figure 30 shows that the combined cooling crystallization+RO process can effectively 

reduce the residual solution volume from 10 L to 1.9 L and more permeate 2.6 L is achieved 

in both RO steps than the residual solution. However, this comparison does not take account 

the formed crystals in the crystallization stages. The solute rejection values of the RO stages 

(1st RO: 0.87; 2nd RO: 0.92) are consistent with those observed for the single stage RO 

(Figure 25) where the inconsistency between the solute rejection values are likely due to the 

lack of process optimization and robust implementation of the crystallization stages.  

Figure 30 further demonstrates that the cooling crystallization can be successfully integrated 

with RO forming an effective overall process for sodium sulfate separation as separation is 

achieved at each stage of the process. The primary challenge related to the pCAM residual 

solutions was their high sodium sulfate concentration which poses challenges to the RO 

filtration of these solutions due to the resulting high osmotic pressure difference between 

retentate and permeate, leading to elevated operational pressures. By combining the RO with 

crystallization, the sodium sulfate concentration can be reduced in the RO feed, decreasing 

the osmotic pressure difference across the membrane at the same time producing purified 

water with the membrane filtration. 
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7.7  Reuse of the purified water 

The reuse of purified water has the potential to reduce water-related emissions in the battery 

industry and mitigate its environmental impacts. Potential reuse applications were identified 

in Chapter 5.2, which included utility systems such as cooling and heating, process water, 

and cleaning and rinsing applications. Although no scientific studies on water reuse in the 

battery industry were found, environmental permits for pCAM production provide some 

indication of water quality requirements. These permits specify the use of demineralized 

water for cooling and process water, while in some cases, raw water may also be used for 

cooling. In this study, demineralized water is specified with a conductivity limit of 75 μS/cm, 

and the conductivity of raw water ranges between 6.9 to 39 mS/cm which in this case is 

referring to the Kokemäki river water. Figure 31 presents the conductivities of the purified 

waters produced with the tested membrane configurations in comparison with these 

reference values.  

 

Figure 31. Conductivity in the permeate achieved with tested membrane configurations 
compared to demineralized water and raw water. 

 

The results show that none of the tested configurations achieved the quality of demineralized 

water (Figure 31). However, all configurations produced water with lower conductivity than 

the raw water. This indicates that reusing the purified water could be feasible in some cooling 

applications. Furthermore, reuse can reduce raw water intake. In the introduction specifies a 

sulfate discharge limit to 7 g/L for a battery precursor plant. The conversion from sodium 

sulfate conductivity to sulfate concentration was explained in Chapter 6.3. This sulfate 
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discharge limit is compared with the achieved permeate sulfate concentration with the 

studied configurations (Figure 32). 

 

 

Figure 32. Sulfate concentration in the permeate achieved with tested membrane 
configurations compared to sulfate discharge limit. 

 

Figure 32 clearly shows that sulfate concentration in the permeate of the tested 

configurations falls below the sulfate discharge limit. As the salt concentration is 

significantly lower, so releasing the purified water into natural waters greatly lessens its 

environmental impact. Although the experiments used more diluted solutions (3-6 wt%) than 

wastewater from the battery industry, which is at least 10 wt%, the results offer valuable 

insights into the relative performance of the process configurations and their ability to 

produce high-quality permeates. Nevertheless, further research is needed to assess the 

applicability of these configurations at an industrial scale and the water quality achievable 

with higher concentration solutions. 

In addition, it is worth mentioning a discussion with a postdoctoral researcher from LUT 

University, where possible reuse options were brought up in the washing phase of liquid-

liquid extraction and the dilution of sulfuric acid used in the process. The water used in these 

applications could contain up to a few tens of mg/L of sodium sulfate. These would certainly 

be worth investigating at some point as battery recycling and material production processes 

develop and become more common in industry to make water use in these processes more 

sustainable.  
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8  Conclusions 

This master’s thesis demonstrated membrane filtration concepts that can be applied to 

treating sodium sulfate-rich wastewaters from the battery industry. Experiments used diluted 

solutions as high sodium sulfate concentration of the treated solution led to high osmotic 

pressure difference between the retentate and permeate and higher operational pressures 

would have been required than were within the safety limits of the used equipment. 

Integrated membrane systems were used to demonstrate both concentration of the feed to 

reduce the volume of disposed wastewater and purification of the feed to lower the sodium 

sulfate concentration as much as possible. Below are the research questions with answers 

based on this work. 

Q1:  Which membrane filtration concepts shows the most potential in the treatment of 

sodium sulfate wastewater? 

The results showed that significant concentration could already be achieved with single stage 

RO but using a NF unit after RO to treat the retentate it can be concentrated further. Two 

different membranes were examined for the NF stage, where Desal-5 DK was able to 

produce retentate with higher sodium sulfate concentration with a smaller volume compared 

to other NF membrane (NFG) and a single RO unit. Both multipass RO and NF+RO 

successfully decreased sodium sulfate concentration in the purified water in each stage from 

the previous stage. All three experimented water purification processes multipass RO, 

NF+RO and combined cooling crystallization+RO were able to produce purified water with 

lower salt concentration than raw water from the Kokemäki river. All the tested 

configurations were able to produce a water sulfate concentration that falls under the sulfate 

discharge limit of 7 g/L.  By combining the RO with crystallization, the sodium sulfate 

concentration can be reduced in the RO feed, decreasing the osmotic pressure difference 

across the membrane at the same time producing purified water with the membrane filtration. 

As the aim was to demonstrate the configuration for the sodium sulfate enrichment and water 

purification configurations the different operational parameters were not optimized for the 

experimented processes and therefore the results are likely not showing the absolute 

performance of these processes. 
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Q2: How suitable are commercially available TFC membranes for the battery industry’s 

needs? 

In this research, it was observed that RO membrane Desal AG tolerated higher pressures 

better than NF membranes Desal-5 DK and NFG, with NFG being especially more prone to 

compaction. NFG may not be feasible option for battery industry applications, as high 

operating pressures results in significant compaction. Compaction reduces the membrane 

performance, especially over longer time periods. In addition, no fouling was observed based 

on pure water flux measurements and the membrane performance decline is probably due its 

compaction. Overall, results indicated that RO membranes are more suitable for higher 

operating pressures, and compaction may be an issue with the NF membrane at higher 

operating pressures. 

Q3: What uses are there for the concentrated sodium sulfate waste and purified water in 

the battery industry processes or other industrial sectors? 

Direct applications for the concentrated sodium sulfate wastewater were not found in the 

battery recycling and battery material production processes, but it can potentially be 

converted into sodium hydroxide and sulfuric acid, which are needed in these processes. In 

addition, neutral electrolytic pickling of aluminum and potassium sulfate production were 

identified as potential applications for the concentrated sodium sulfate wastewater. For the 

purified water, the most potential uses in the battery industry are for cooling. In this research, 

the highest purity level achieved corresponded to raw water based on conductivity 

measurements, which can be enough for some applications; others may require higher purity. 

Overall, this work demonstrated that integrated membrane processes offer a promising 

solution for treating sodium sulfate wastewater from the battery industry, with potential 

applications for the concentrated and purified streams. However, the treatment of these 

solutions with membrane filtration is limited by the high osmotic pressure differential across 

the membrane due to the high sodium sulfate concentration and leading to high operational 

pressures. This research did not optimize the processes or estimate the energy consumption. 

These aspects would be essential research topics in the future to better understand the 

applicability of these processes on an industrial scale. 
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Appendix 1. Sodium sulfate density at different concentrations (Mettler Toledo, n.d.) 
 

Sodium sulfate 
concentration, 

wt% 
Density, g/cm3 

0.50 1.0027 
1.00 1.0071 
1.50 1.0116 
2.00 1.0161 
2.50 1.0206 
3.00 1.0252 
3.50 1.0298 
4.00 1.0343 
4.50 1.0389 
5.00 1.0436 
5.50 1.0481 
6.00 1.0526 
6.50 1.0572 
7.00 1.0619 
7.50 1.0666 
8.00 1.0713 
8.50 1.0760 
9.00 1.0808 
9.50 1.0856 
10.00 1.0905 
11.00 1.1002 
12.00 1.1101 
13.00 1.1201 
14.00 1.1301 
15.00 1.1402 
16.00 1.1503 
17.00 1.1604 
18.00 1.1705 
19.00 1.1806 
20.00 1.1907 
22.00 1.2106 

 
 


