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Sheep wool is an excellent material which can be utilized in many ways e.g. as apparels. 

However, it contains different impurities, like dirt and grease, which must be removed before 

further processing of wool. The objective of the literature review of this thesis was to 

summarize different scouring methods and investigate how wastewater (i.e. wool scouring 

effluent) produced in this process is purified. It was noticed that no new scouring method 

consuming less water than the traditional one has been found.  Based on the literature options 

to decrease environmental impacts of wool scouring are development of treatment methods 

for the effluent and recycling the purified water back to scouring process. 

 

The aim of the experimental part was to evaluate suitability of the ultrafiltration to purify 

the wool scouring effluent and possibilities to recycle the effluent back to the wool scouring 

process. First, different regenerated cellulose membranes (with cut-off values of 1–10 kDa) 

were compared by filtrating wool scouring effluent in small scale using the dead-end 

filtration unit. Based on permeate flux, analytical results and visual observations, the 

RC70PP membrane (with cut-off value of 10 kDa) was selected for further testing.  

Additional experiments were conducted in large scale using the crossflow filtration system 

to study how the RC70PP retains its filtration capacity when the feed is concentrated. 

 

Interestingly, no fouling with the RC70PP membrane was observed. Based on analysis, 

filtration with the RC70PP membrane purified the wool scouring effluent efficiently as over 

95 % rejection of turbidity, colour and chemical oxygen demand (COD) was achieved. 

Visually permeate was almost colourless and its turbidity result (< 1 NTU) supported this. 

In addition, the results showed that COD concentrated into the retentate approximately in 

the same ratio than the volume of the feed was reduced. Preliminary results indicated also 

that the concentrations of sterols and steryl esters were higher in the retentate than in the 

effluent feed. Overall, according to the experimental results of this study the wool scouring 

effluent could be recycled back to the wool scouring process after ultrafiltration with the 

RC70PP membrane. 
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Lampaan villaa voidaan hyödyntää monin tavoin mm. villalankana. Koska keritty villa on 

likaista, se pestään lämpimässä pesuainevedessä ennen kehräystä. Tutkielman 

kirjallisuusosassa selvitettiin villan pesuprosesseja ja pesuprosessissa syntyvän ympäristölle 

haitallisen pesuveden puhdistamista. Selvityksen perusteella toistaiseksi ei ole löydetty uutta 

pesumenetelmää, joka kuluttaisi vähemmän vettä kuin perinteinen pesumenetelmä. Lisäksi 

huomattiin, että käytössä olevien villan pesuvesien puhdistusmenetelmien teho vaihtelee. 

Menetelmiä tulisi kehittää edelleen, jotta puhdistettu vesi voitaisiin kierrättää takaisin 

pesuprosessiin. 

 

Diplomityön kokeellisen osan tavoitteena oli testata ultrasuodatuksen soveltuvuutta villan 

pesuveden käsittelyyn. Tämä tehtiin suodattamalla villan pesuvettä erilaisilla kaupallisilla 

regeneroidusta selluloosasta valmistetuilla ultrasuodatuskalvoilla, joiden katkaisukoko oli 

1–10 kDa. Suodatustulosta arvioitiin analysoimalla mm. permeaatin sameutta ja kemiallista 

hapenkulutusta (COD). Vertailtaessa eri suodatuskalvoja, suodatukset tehtiin pienessä 

mittakaavassa käyttäen dead-end suodatuslaitteistoa. Suodatuskapasiteetin ja 

analyysitulosten perusteella soveltuvimmaksi kalvoksi osoittautui RC70PP kalvo, jonka 

katkaisukoko on 10 kDa. RC70PP kalvon suodatuskapasiteettia testattiin edelleen 

suodattamalla 10 L villan pesuvettä poikkivirtaussuodatuslaitteistolla (crossflow). 

 

RC70PP suodatuskalvon ei havaittu likaantuvan villan pesuveden suodatuksessa, kun 

likaantumista arvioitiin puhtaan veden suodatuskapasiteetin perusteella.. Kalvon 

puhdistusteho oli myös erinomainen, sillä sameuden, COD:n ja värin retentiot olivat yli 95 

%. Visuaalisesti tarkasteltuna permeaatti oli lähes väritöntä ja sen sameus oli alle 1 NTU. 

Vastaavasti esimerkiksi retentaatin sameus lisääntyi samassa suhteessa kuin syötteen 

tilavuus pieneni. Lisäksi alustavat analyysitulokset osoittivat steroleiden ja 

steryyliestereiden konsentroituvan ultrasuodatuksessa retentaattiin. Diplomityön perusteella 

ultrasuodatus on toimiva menetelmä villan pesuveden käsittelyssä ja suodatettu permeaatti 

olisi mahdollista kierrättää takaisin pesuprosessiin. 
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SYMBOLS AND ABBREVIATIONS  

 

A effective filtration area  m2 

c concentration  mg/L 

J flux   kg/(m2h)  

m mass   g, kg  

MWCO molecular weight cut-off  Da 

P permeability   kg/(m2hbar) 

p pressure   bar 

V volume   L 

 

Abbreviations 

ABR Anaerobic baffled reactor 

ATR Attenuated total reflectance 
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BOD  Biochemical oxygen demand 
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COD Chemical oxygen demand 

DI Deionized water 
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FTIR Fourier transform infrared 

GC Gas chromatography 

HDP High-energy discrete processing 

HRT Hydraulic reaction time  

IR Infrared  

IWTO International Wool Textile Organization 

MBR Membrane bioreactor 

MF Microfiltration 

MRF Mass reduction factor 



MTBE Tert-butylmethylether 

MWCO Molecular weight cut-off 

NA  Not analysed 

NPEO Nonylphenoxy poly(oxyethylene) 

NR Not reported 

OD Outer diameter 

PED Pulsed electrohydraulic discharge 

PES  Polyethersulphone 

PWP Pure water permeability 

SAS Surface-active substances 

SEM  Scanning electronic microscopy 

SFE Supercritical fluid extraction 

SSLM Semi-synthesis lipid mixtures 

TMCS Ttrimethylchlorosilane  

TOC Total organic carbon  

TOD  Total oxygen demand  

UF  Ultrafiltration  

UV Ultraviolet 

VM Vegetable matter 

WHO World Health Organization
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1 Introduction 

The history of using sheep wool started already perhaps on the Bronze Age, at least on the 

Iron Age and wool has remained its popularity among people through millenniums. Due to 

current sustainability trend people are more and more willing to use wool for different 

purposes. This could be explained both by environmentally friendly imago of wool and by 

excellent properties of wool fibre. Wool is produced globally although certain countries, like 

Australia, New Zealand and Argentina, are leading producers of the fine wool. However, 

sheep are farmed almost everywhere and even small farmers have started to utilize wool of 

their sheep. (IWTO, 2020; Allafi et al., 2021).   

 

According to Kuffner (2012) sheep is economically ideal fibre factory, as sheep provides 

milk, meat and wool while producing only minimal amount of waste. Sheep must be sheared 

due to welfare of animals at least once a year regardless of if its wool is utilized further or 

not. However, many farmers are having sheep to produce primarily wool and wool 

production is very ecological and energy efficient with low carbon impact. As wool fibre is 

natural, renewable and biodegradable, it is perhaps the most sustainable resource of fibres. 

(IWTO, 2020; Kuffner, 2012). 

 

However, raw wool has to be processed intensively before it can be used by textile or other 

industries. The main step in this process is called scouring which means cleaning and drying 

of grease wool. The purpose of the scouring is to remove impurities raw wool contains like 

dirt, grease, suint and vegetable matter. Unfortunately, conventional scouring is causing 

harmful effects to environment as it produces huge amount of wastewater, which belongs to 

the group of the most concentrated and polluting effluents of the textile industry (Labanda 

and Llorens, 2008). The components of wool scouring effluent are oxidised wool grease, 

suint, dirt and minor components like detergents. (Poole and Cord-Ruwisch, 2004; Allafi et 

al., 2021).  

 



11 
 

Different methods have been tried to purify this challenging wastewater and to increase 

possibility to recycle water in scouring process. The tested treatments can be classified as 

biological, chemical and physicochemical processes. Although some of existing purification 

methods decrease the concentrations of the pollutants and the quality of the purified water is 

filling the regulatory requirements, methods are not usually very cost-effective or not 

demonstrated to work in industrial scale. (Halliday, 2002; Labanda and Llorens, 2008). 

 

Membrane separation technology has improved a lot during last decades and new 

applications and membrane materials have been developed. According to Kamali et al. 

(2019) membrane-based technologies can be regarded as effective solutions to treat 

industrial effluents. In addition, based on the study of Sivaranjanee and Senthil Kumar 

(2021) nanofiltration is widely used for purification of wastewaters of textile industry. 

However, no studies using membrane filtration for treating the wool souring effluents have 

been published recently although some supported results have been achieved using 

ultrafiltration already in 1990s  (Bilstad et al., 1994). 

 

There are many reasons to choose wool, unique fibre, for example as material for clothes 

(IWTO, 2020). However, to be able to grow in sustainable way, wool industry has to found 

answers to environmental problems of the wool processing. The key element is how to treat 

produced wastewaters in efficient and eco-friendly way. As this will need money, it would 

be good if at least part of the costs could be covered by utilising some valuable component 

of the effluents. However, this will require more knowledge about possible purification 

treatments, for example about capabilities of membrane technology, and detailed analysis of 

the wool scouring effluents. 

 

The objective of the literature review of this thesis is to summarize available information 

about different wool scouring methods and evaluate if any new technology could provide 

benefits over conventional scouring. Secondly, the potentiality of different wastewater 

treatments to purify the wool scouring effluents is investigated using the published results. 

Third part of the literature review section concentrates on what is known about valuable 

components of the wool scouring effluent. 
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The focus of the experimental part is on membrane technology. The suitability of the selected 

membrane materials to purify wool scouring effluents was tested in laboratory scale. The 

goal was to find filtration conditions, which prevent membrane fouling as much as possible 

and purify wool scouring effluents effectively. The efficiency of the filtration was 

investigated by analysing chemical oxygen demand (COD), grease, conductivity, colour and 

turbidity from the filtrates. The possibility to recycle the permeate back to wool scouring 

process was evaluated based on these parameters. In addition, produced retentate has been 

characterized to find out if it contains any valuable compound which could be recovered. 

Additional aim was to evaluate if membrane filtration of wool scouring effluents could be 

economical solution for Finnish wool mills.   
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Literature part 

2 General properties of sheep wool 

Wool is having many positive properties; it is for example breathable, resilient, flame- and 

odour-resistant and anti-wrinkle. Wool is controlling temperature and keeping you warm or 

cool depending on circumstances. In addition, as it can absorb moisture from your skin, it is 

good material choice e.g. for sports wear. Wool is also easy to care and wool clothes can 

usually be refreshed only by airing without need to wash. (IWTO, 2020). Due its excellent 

properties, wool is used widely by textile industry. Kuffner’s (2012) list of applications 

where wool is used includes various clothes (for example socks, thermal underwear and hand 

knitting wool), interior textiles like carpets and pillows, and technical textiles used by 

aviation and protection industries.    

 

2.1 Wool of Finnish sheep breeds 

Sheep are grown globally and there are more than 1 000 sheep breeds, from which about 

hundred are global and rest more local breeds. Sheep breeds can be divided to groups based 

on if they are bred to produce primarily wool, meat or both (dual-purpose breeds). The 

quality of wool, like its fibre diameter and colour, varies between breeds. Merino sheep 

means the group of sheep breeds producing the finest wool, whereas wool of dual-purpose 

breeds is usually broader than merino wool. There are three country breeds in Finland: 

Finnsheep (suomenlammas), Kainuu Grey (kainuunharmas) and Åland sheep 

(ahvenanmaanlammas). In addition, some other breeds, like Texel or Gotland sheep 

(gotlanninlammas), are grown in Finland. Wool of Finnsheep and Kainuu Grey consists 

mainly of undercoat having slightly also cover hair, whereas wool of Åland sheep is totally 

different; it is double wool containing soft undercoat and long, coarse cover hairs. However, 

wool of all Finnish breeds is relatively different than for example merino wool. It is generally 

classified as semi-fine wool. (Puntila, 2010; Hassinen and Tobiasson, 2016). 
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2.2 Chemical composition and structure of wool fibre 

Wool can be classified from different aspects and from a macromolecular point of view it is 

a composite fibre formed both the fibrils and the matrix consisting of polypeptides. Whereas 

from a morphological point of view, wool fibre is defined as a nanocomposite having high 

hierarchy and high complexity. The structure of merino wool fibre is shown in Figure 1. 

These properties are evidence about huge degree of self-organisation. (Höcker, 2002). 

However, most often wool is classified as α-keratin fibre due its proteins, from which 82 % 

contain sulphur atom and are characterized as keratinous. Wool’s elemental composition, 

carbon 50 wt%, oxygen 20 wt%, nitrogen 16 wt% and sulphur 5 wt% is typical for natural 

hairs. The complex physical and chemical structure is behind wool’s unique properties and 

makes its diverse use possible. In addition, the knowledge about chemical composition can 

be utilized when its properties are improved for specific textiles via processing. (Popescu 

and Höcker, 2007; Millington and Rippon, 2017). 

 

 

 

Figure 1. Hierarchy of merino wool fibre with a diameter of 20 µm (Höcker, 2002) .  
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Wool fibre is formed from protein chains containing over 100 amino acids. The large sulphur 

content of wool results from high amounts of two sulphur atoms containing amino acid, 

cystine. In addition to cystine, wool contains all other natural α-amino acids; serine, 

glutamine and glutamic acid being the major ones.  Sulphur atoms of cystine form a 

disulphide bond, which is the most important crosslinking element of wool. Other cross-

linking elements of wool are salt bridges formed between oppositely charged side chains of 

certain amino acids and isodipeptide bonds between a glutamic or an aspartic acid and a 

lysine residue. In addition, hydrogen bonds stabilise the structure of wool fibre and they are 

also responsible for wool’s ability to absorb water. The main interactions between 

sidegroups of amino acids of wool fibre are presented in Figure 2. (Höcker, 2002; Popescu 

and Höcker, 2007).  

 

 

 

Figure 2. The interactions between side groups of amino acid chains of wool fibre from the 

top downwards are: 1) interaction between phenyl rings, 2) hydrogen bonds, 3) a salt bridge, 

4) a disulfide bridge and 5) an isopeptide bridge  (Popescu and Höcker, 2007). 
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While proteins are major compounds (90–97 %) in wool fibre, it contains also internal lipids 

(about 2 %) and the main ones are cholesterol, fatty acids and polar lipids, like ceramides, 

cerabrosides and cholesterol sulphate. These compounds locate in different membranes 

surrounding living cells and separating different parts within cells. External lipids of wool 

are known as woolgrease, which can be fractionated and refined to different fractions, for 

example lanolin. Mineral salts, nucleic acid residues and carbohydrates form about one 

percent of the wool. Information received by isolating and analysing nucleic acids is used to 

find out the origin of wool (sheep wool, cashmere or yak fibre). (Höcker, 2002). Although 

origin of wool may affect some of its properties, the elemental composition is usually same 

(Kuffner and Popescu, 2012).  

 

2.3 Impurities of sheep wool  

Generally, sheep wool is very dirty material which contains contaminants 25–70 % from its 

dry weight (Millington and Rippon, 2017). The impurity amounts vary between different 

sheep breeds as seen in Table 1. In addition, husbandry method, the growing place and the 

weather are impacting to the contamination status of the wool (Salem Allafi et al., 2021). 

The main impurities are grease, suint and vegetable matter (VM). In addition, wool contains 

other impurities, like sand, dust and other dirt, in varying amounts.  The impurities hinder 

the use of wool as textile without intensive processing and if not removed they may also 

cause esthetical problems in finished textiles (Pan et al., 2018; Salem Allafi et al., 2021). 

Due to huge amount of impurities in raw wool, the wool yields after removing impurities are 

typically only about 60 % when defined as percentage of clean wool from raw wool (Memon 

et al., 2018).  

 

Table 1: The amounts of contaminants in merino and crossbred wools (average percentages 

by mass on raw wool) (adapted from Halliday, 2002). 

 

Contaminant Merino Crossbred 

Grease 16 5 

Suint 6 8 

Dirt 20 8 
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As mentioned above one of the major impurities of the wool is wool grease, also called wax, 

which is soft, yellow and solvent-soluble substance excreted by sebaceous glands in 

sheepskin. This chemically complex mixture is behind waterproofness and other protection 

properties of the wool fibre (Allafi et al., 2021). The amount of grease in wool depends on 

sheep breed and according to Halliday (2002) merino sheep contains much more grease than 

for example New Zealand crossbed sheep (16 % compared to 5 %, Table 1). From Finnish 

sheep breeds wool of Åland sheep has higher grease content than of Kainuu Grey 

(Matikainen, 2021). Most of wool grease should be removed during scouring as it impacts 

to the processing properties of the wool although the optimum residual amount may differ 

between further application, for example in spinning some amount of grease is useful. 

Generally, the residual grease content left to wool varies from 0.5 to 7 % depending also on 

the scouring process (Alzaga et al., 1999; Halliday, 2002; Sikanen, 2019).  

 

Another major impurity in the wool is suint, which is dried sweat of sheep produced by 

sheep’s sudoriferous glands. It is water-soluble contaminant, which consists mainly of 

potassium salts of organic acids. In scouring effluents, suint is having detergent properties 

and can help in the cleaning process of wool.  Similarly, to wool grease, the amount of suint 

varies between different sheep breeds and climate conditions as shown in Table 1. (Allafi et 

al., 2021). 

 

Third major impurity in wool is vegetable matter (VM), which means for example burrs, 

seeds and straw. Its amount varies depending on the grazing environment of the sheep  

(Allafi et al., 2021). The removal of VM can be challenging and according to study of  

(Memon et al., 2018) certain grass types, like foxtail or thistles, are more difficult to remove 

than others. The first choice to remove VM is combing but sometimes additional treatment 

steps, like carbonisation, are needed beside traditional scouring to get rid of VM (IWTO, 

2020). 

 

Some microbes may affect also to the quality and processing of wool. In Finland the main 

problem is orf, which is exanthemas disease caused by parapox virus. As orf virus is zoonotic 

and can also infect humans, this risk has to be noticed when wool fibres are processed by 
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hands. In addition, sheep may suffer from different kind of parasites which are drenched 

using various pesticides. (Hassinen and Tobiasson, 2016). If this kind of treatment is done 

just before shearing, pesticide residues are found from scouring effluents (Allafi et al., 2021). 
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3 Wool scouring 

Due to different impurities described above sheared raw wool has to be treated by several 

ways before it can used as raw material in textile industry. The process starts with mechanical 

cleaning, during which dust and dirt are removed as much as possible followed by blending 

in which fleeces with similar properties are combined to one lot. Next operation is a scouring, 

which is the most important step in producing high quality wool and usually done with 

dedicated washing machine. As mentioned earlier sometimes carbonization is also needed 

and it can be done separately or as part of scouring. After scouring the wool is processed 

further for example by carding, gilling, combing, spinning and twisting before wool fibre is 

ready for knitting or other type of industrial manufacturing. As shown in Figure 3 there are 

generally two alternative process chains, from which the Worsted process produces softer 

fabrics than the Woollen process, which is applied more for coarse wool. It is essential to 

modify the process chain to fit to the properties of the wool in question. (Wood, 2012; Zhang 

et al., 2016; IWTO, 2020).   

 

 

Figure 3. Typical process chains of wool used for apparel manufacturing (adopted from 

IWTO, 2020). 

 

•Scouring

•Carbonising          
(if needed)

Cleaning

•Carding, gilling 
and combing

•Drafting
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processing

•Carding
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twisting
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•Dyeing
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•Resistance 
treatments

•Fabric formation

Finishing
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IWTO (2020) defines scouring as a process, in which wool is washed in hot water with 

detergents to remove grease, VM, suint and dirt. During this operation impurities are 

removed from the wool to the washing liquors, grease in form of emulsion, the suint as 

solution and dirt as suspension. Although aqueous scouring is still the principal method, dry-

powder-type methods, in which solids, like gypsum or aluminium silicate, are used as a 

carrier for the contaminants to be removed, have been applied as well. (Halliday, 2002). 

Regardless of the details of the processing, the aim of the wool scouring is to remove 

impurities while preserving the desired physical and mechanical properties of wool fibre as 

much as possible (Kunik et al., 2016). Due to differences in wool between various sheep 

breeds, the same process conditions can’t be applied for example to merino wool and wool 

of Finnish sheep breeds like Finnsheep (in Finnish suomenlammas). As latter one felts easily, 

mechanical spinning or other hard conditions can’t be used in scouring of wool of Finnish 

breeds. (Matikainen, 2021).  

 

Both traditional scouring and newer scouring methods are described in more details in 

following chapters. It should be noticed that the published methods are mainly developed 

for merino wool only and can’t be applied without testing or modifications for other kind of 

wool. In addition, details of scouring conditions are often confidential information of the 

wool mills and thus washing recipes are seldom publicly available. 

 

3.1 Traditional scouring  

Industrial scale washing of wool is done at a scouring train having several wash bowls and 

squeeze heads. Typically, from the used 6 to 8 bowls the first 2 or 3 contain warm water, 

detergent and sometimes an alkali to remove impurities, whereas rest of bowls are used to 

rinse the scoured wool. As shown in Figure 4 the scouring line starts with feed hopper, from 

which wool is moved as continuous mat from one bowl to other separated by squeeze rollers. 

At the end of the scouring line is usually an in-line dryer and a woolgrease recovery system.  

(Caunce et al., 2007; Wood, 2012).  
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Figure 4. A schematic picture of the conventional scouring line (adapted from Caunce et al., 

2007). 

 

Actual scouring happens in the bowls, of which one possible structure with four settling 

tanks is presented in Figure 5. Rake or harrow mechanisms are used to moved wool along 

the top of the bowl filled with a scouring liquor and to free the dirt from the wool. In addition 

to the action of harrows (or rakes), the squeeze rollers have critical role in removing 

impurities from the wool as they pressurised contaminated washing water away from wool 

mat. The removed dirt and grease settle down the bowls and is further collected by the cycles 

of purges from the settling tanks. (Caunce et al., 2007). 

 

 

Figure 5. Illustration of the conventional scour bowl with harrow mechanism (adapted from 

Caunce et al., 2007).   
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According to Halliday (2002) the basic mechanism of scouring line has remained same for 

years and innovations have concentrated on design of bowls and only part of these 

innovations has been commercialized. One example of the innovations is the Fleissner 

suction drum type scouring bowl, which works better for fine wool than for dirtier wools.  

In the Fleissner model the washing liquor flows from outside to inside the drum through 

perforations in the drum and wool forms a mat inside the drum. This mat acts as a filter for 

fine dirt and weakens the removing of dirt from coarse wool. Thus, many mills have both 

suction drum and harrow bowls in their scouring line and the applied bowls are selected 

based on the primary aim of scouring: removing of grease and suint or removing of only dirt.  

(Halliday, 2002).  

 

3.1.1 The detergents used in conventional scouring 

Regardless of the design of scouring line, the scouring chemistry is having high impact to 

the quality of scouring. As water doesn’t alone remove impurities from the wool, detergents 

are needed. Until 1950s soap was the most common detergent but due its aspiration to form 

insoluble salts with calcium and magnesium ions, synthetic, non-ionic detergents were taken 

into use. These detergents are surface-active substances (SAS), of which washing action is 

based on their moistening, dispersion and emulsification properties. Nonyl and octylphenol 

ethoxylates were first dominating but are nowadays replaced due to environmental 

requirements often by more biodegradable ones, like fatty alcohol ethoxylates. In addition 

to the detergents, soda ash is sometimes needed to stabilise the emulsified woolgrease and 

dirt as otherwise they will redeposit back to wool. However, the amount of suint in wool can 

be high enough making the scouring effluent naturally alkaline without added soda ash. 

(Kunik et al., 2016; Salem Allafi et al., 2021). 

 

There is only limited information available about the detergents wool mills are using and 

research publications use often only tradenames. The recent study (Kunik et al., 2016) 

compared efficacy of four different washing agents: the soap-soda solution, Sulfoxide-61 

(mixture of anionic and non-ionogenic SAS), Savenol NWP (the mixture of hydrated SAS) 

and Sulside in wool scouring. The last one is patented mixture of sulfanole, ricinox-80, 
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Synthanol DS-10 and dimethylsulfoxide (DMSO). Based on the results Sulside removed 

wool grease most and Savenol NWP least, whereas the greatest loss of mass was caused by 

soap-soda solution. Kunik et al. (2016) stated that wool fibres were most entangled after 

soap-soda scouring while scouring with other detergents provided elastic, soft and less felted 

fibres. According to Kunik et al. (2016) Sulside impacted least the cuticle of fibres due to 

softening effect of DMSO in this mixture. Romanovska et al. (2019) have also shown the 

positive effect of small DMSO concentration in detergent mixture and explained this by 

DMSO ability to modify alkaline detergent to neutral. In this study satisfactory washing 

result was obtained with sodium laureth sulfate (Sles 70), to which small amount of DMSO 

was added.  However, Romanowska et al. (2019) stated that research has to be continued to 

find effective neutral or slightly acidic detergent.  

 

The wool type to be cleaned is affecting both to the detergent selection and the detergent 

amounts to be used. For example, merino wool is requiring more detergent than crossbred 

wool (Halliday, 2002) whereas washing temperature is mainly dependent on the selected 

detergent and its typical pH range. According to Li et al. (2017) optimum temperature for 

many detergents being slightly alkaline (pH 7-8) is usually 50–65 °C, whereas in study of 

Romanovska et al. (2019) neutral detergent performed best in the temperature range of 30–

48 °C. When using combination of soap and soda, pH is higher (9 - 10) and scouring 

temperature should not exceed 55 °C (Kunik et al., 2016; Li et al., 2017). In addition to 

detergents, the used water temperature affects to that how much lanolin is left to wool and if 

lanolin-rich wool is desired, lower temperatures and mild detergents should be used 

(Laitinen and Vanhanen, 2021). 

 

Although wool scouring is an efficient process to remove grease, dirt and suint from the raw 

wool, it is not capable to clean wool with high VM contamination (over 2–3 %). This kind 

of wool is washed by carbonization, which means chemical treatment with diluted sulphuric 

acid and baking at 105–130 °C for 3–10 minutes. This process combines conventional 

scouring, acidizing, drying, crushing, beating, neutralizing and final drying steps. The 

removal of VM, which is mainly cellulose and lignin, is based on its instability against 

mineral acids. Different steps are needed after acidizing to first modify VM to brittle and 
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charred carbon with help of heat and finally remove it as dust. The cleaned wool has to be 

neutralized to prevent damages caused by acid to fibres. (Halliday, 2002; IWTO, 2020).   

 

3.2 Modern scouring methods 

Due to increasing demand to be more sustainable, wool industry has focused research to 

improve the sustainability of scouring. Although conventional scouring is relatively simple 

process, it is problematic due to its huge energy and water consumption and non-

biodegradable wastewater formed (Kunik et al., 2016). The objective of the development 

work is to find environmentally friendly scouring method which requires less energy, 

chemicals and water than current conventional processes and is also economical. In addition, 

research work is focusing to find washing method which retain wool properties better than 

conventional scouring. (Allafi et al., 2021). Some new wool cleaning methods are described 

shortly in the next paragraphs.  

 

3.2.1 Solvent scouring 

One possibility is to change from aqueous scouring to solvent-based scouring, which is 

having several advantages like elimination of felting and entanglement problems occurring 

with aqueous scouring. In addition, the recovery of wool grease is improved and no aqueous 

effluent is produced. However, the process can cause easily fire hazards and the used 

solvents such as trichloroethane are toxic to environment and/or to human and the used 

solvents must be recovered from the system. In addition, the installation costs of solvent 

scouring systems are high and the system usually requires more chemical engineering 

knowledge than conventional aqueous scouring system. In addition, use of organic solvents 

is weakening the strength of fibres and may cause yellow colour. Therefore, not many 

commercial mills utilizing solvent scouring exist although some plants have been established 

in Japan and in Italy. (Halliday, 2002; Kunik et al., 2016).   
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3.2.2 Ultrasound 

Based on laboratory scale testing the scouring with ultrasound could be sustainable option 

for traditional scouring. For example, experiments of Bahtiyari and Duran (2013) showed 

that nearly same washing result was achieved for 5 g wool sample at 35 °C with ultrasound 

than without ultrasound at 50 °C. In addition, by using ultrasound the amount of washing 

steps could be decreased and less chemicals are needed. Thus, Bahtiyari and Duran (2013) 

concluded that utilizing ultrasound in wool scouring could save thermal energy, water and 

chemicals, if the same will work in industrial scale. However, according to Pan et al. (2018) 

it is not sure if ultrasound induces or not disruptions in wool fibre. In their own laboratory 

scale study visual damages were seen especially when lower ultrasonic frequency was used, 

whereas impacts to mechanical properties of wool fibre were either negligible or positive. 

(Pan et al., 2018). 

 

Due its potentiality, the use of ultrasound has been investigated in industrial scale as well. 

Li et al. (2017) added two ultrasound panels to the second bowl in industrial scale scouring 

line containing six hopper-bottomed scour bowls. Scouring conditions were kept same than 

in conventional scouring but installation of the ultrasound panel prevented the use of rake 

and wool had to be moved manually to next bowl. The quality of scouring was evaluated 

from fibre whiteness, yellowness, grease content and ash content results. According to the 

results ultrasound increased the removal of grease and especially dirt particles from wool 

while whiteness and yellowness was about same than after normal scouring process. 

However, more development is needed to be able to build a scouring line with ultrasound 

panels without need of manual transfer of wool from one bowl to other. As Li et al. (2017) 

used ultrasound only in one bowl, even more efficiency could be achieved by using 

ultrasound in several bowls. In their review also Allafi et al. (2021) stated that by cleaning 

wool with ultrasound many environmental benefits are achieved.  
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3.2.3 Pulsed electrohydraulic discharge (PED) 

Pulsed electrohydraulic discharge is an electrohydraulic based technology, in which the high 

voltage discharge is led through a liquid. Zhang et al. (2016) tested an experimental PED 

system with a maximum operational voltage of 15 kV for washing of 10 g wool sample. 

Wool samples were treated with PED under optimised conditions for 3, 9 or 18 times and 

several analysis were conducted after each treatment step to evaluate the suitability of PED 

technology. Based on whiteness analysis already three PED treatments washed wool 

efficiently and according to turbidity and COD analysis of washing water additional 

treatments were not removing significantly more impurities. From other tests conducted 

strength, fineness, chemical structure and ability to absorb dye gave positive results after 

three treatments but for example morphology of wool fibre was changed negatively after 

several PED treatments. According to Zhang et al. (2016) PED could be ecologically friendly 

option for wool scouring as good washing results were achieved without chemicals and need 

to heat washing water. In addition, the treatment needs only one washing bath. Although 

PED method seems to be promising, environmentally friendly method to clean wool, more 

information is needed before it can be used in industrial scale. 

 

3.2.4 High-energy discrete processing (HDP) 

One additional possible cleaning technology is HDP, which is based on electric discharge-

induced cavitation. As distinct from PED the use of HDB do not make cleaning agents 

unnecessary. In study of Kunik et al. (2016) wool was washed by two-stage process, in which 

HDP was utilized after preliminary washing before scouring with surface active substances. 

The process conditions were optimised and the best washing result was obtained by using 3-

minutes reaction time with HDP, washing temperature of 45 °C and detergent concentration 

of 1.5 g/L. According to Kunik et al. (2016) using HPD to aid scouring causes positive 

changes in structural, supramolecular and sorption properties of wool fibre. In addition, HDP 

improves the quality of grease extracted from washing waters. 
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Advantages and disadvantages of conventional scouring and some newer methods are 

summarized in Table 2. Based on existing literature, aiding conventional scouring with 

ultrasound technology seems to be the most promising way to reduce environmental impacts 

of scouring. As all methods are having at least some disadvantages, more research is needed 

to develop a scouring method, which would retain the quality of wool fibre with minimal 

environmental impact.  

 

Table 2: Advantages and disadvantages of the selected scouring methods 

Scouring method 

(ref.) 
Advantages Disadvantages 

 

Conventional 

(Halliday, 2002; Allafi 

et al., 2021) 

• Relatively simple process 

with automation possibility 

• Can be modified as needed 

by changing scouring 

temperature and detergents 

 

 

• Huge water consumption 

• Lot of thermal energy needed 

• Produced large volumes of 

toxic wastewater 

• May cause negative changes 

to wool properties 

 

 

Solvent scouring 

(Halliday, 2002) 

 

• Less felting and 

entanglement 

• Good recovery of wool 

grease 

• No aqueous effluent 

produced 

 

• Solvents usually toxic 

• Risk for fire hazards 

• High investment costs 

• Need for educated employees 

• Solvent recovery system 

needed 

 

 

Ultrasound 

(Bahtiyari et al., 2013; 

Li et al., 2017; Pan et 

al., 2018) 

• Efficient removal of grease 

and other dirt from wool 

• Savings in thermal energy 

and water consumption 

• Only limited need to use 

chemicals 

• Retains wool’s mechanical 

properties 

 

• Visible damage to fibre scale 

structure 

• May decrease fibre strength 

and extensibility 

• Needs manual operation 

unless developed more 

 

 

 

 

PED 

(Zhang et al., 2016) 

• No chemicals needed 

• No need to heat water 

• Single washing bath 

• Usually only few PED 

treatments clean wool 

sufficiently 

 

• Decreased fibre thickness 

• Significant damage to the 

scales on the surface of fibre 

• Several PED treatments 

cause decrease in fibre 

strength and fineness 

 

HDP 

(Kunik et al., 2016) 
• Positive changes in structural 

and sorption properties of 

wool 

• Increased recovery of wool 

grease 

 

• Detergents not avoided 

• Aqueous effluent produced 

• Only information from 

laboratory tests available 
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3.2.5 Natural washing agents 

 One option to decrease environmental impacts of wool scouring is using biosurfactants or 

enzymes instead of chemical detergents. Saponins are one group of natural biosurfactants 

and using them will reduce environmental load of scouring by many ways starting from the 

manufacturing process of the detergents. In addition, by using biosurfactants or enzymes 

chemical residues in wool or in wool grease are avoided. (Zheng et al., 2012; Leighs et al., 

2019).  

 

Leighs et al. (2019) compared the efficacy of saponin (refined) and oat extract (unrefined) 

to the efficacy of synthetic non-ionic surfactant (nonylphenoxy poly(oxyethylene), NPEO) 

in laboratory-scale wool scouring. Residual grease, ash content and colour of scoured wool 

samples were analysed using IWTO methods. It was observed that NPEO produced clean 

wool with the lowest level of residual grease although on average also saponins and oat 

extract filled the quality requirement. No significant differences were seen in the amount of 

residual ash or base colours between tested surfactants although by using NPEO marginally 

brighter and whiter wool was achieved than by oat extract. The study of Leighs et al. (2019) 

showed the potentiality of saponins in wool scouring in laboratory scale and based on 

simulation the same should be valid also in industrial process. However, before 

commercialisation more investigations are needed to find out optimal process conditions, 

like pH and temperature. In addition, the amount of sapogenin in saponin varies from 8 % 

to 25 % and this has to be taken into consideration. (Leighs et al., 2019).  

 

Similarly, Zheng et al. (2012) showed that effective scouring is possible using bio-enzymes 

of Bacillus subtilis and Candida lipolytica if processing conditions are optimised. The 

experiments were conducted using wool sample of 20 g and optimal conditions were 

searched using a Response Surface Method (RSM). The best washing result was achieved 

using Bacillus subtilis and Candida lipolytica in ratio of 1:4 and incubating the wool with 

enzymes with bath ratio of 1:33 at 40 °C, at pH 7.0 for 18 hours. In addition to improved 

efficiency of removal, smoother and cleaner wool surface was achieved by optimised process 
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than with original one using higher scouring temperature. Although the results presented by  

Zheng et al. (2012) were promising, this bio-scouring study was done in laboratory scale and 

further studies are needed to prove the same in industrial scale. 

 

3.3 Evaluation the quality of wool after scouring  

Both properties of wool fibres including its natural contaminants and scouring conditions 

(detergent, the hardness of water, the presence of electrolytes, pH, temperature and 

mechanical actions) have an impact to the scouring result (Romanovska et al., 2019). When 

the quality of wool after scouring is evaluated different parameters like degree of whiteness, 

strength, fineness, chemical structure, surface morphology and dye absorption can be used 

(Zhang et al., 2016). However, the level of residual grease is perhaps one of the most 

important parameters describing the effectiveness of wool scouring and should be controlled 

before further industrial processing of wool as it impacts to the wool’s processing properties 

(Alzaga et al., 1999). In addition, the ash content in wool is often determined as it indicates 

how well commercial wool scouring process is under control (Leighs et al., 2019). On the 

other hand, effective scouring can be defined also how well it removes impurities from the 

wool fibre into the scouring liquor and simultaneous prevent re-depositing of the insoluble 

contaminants back to fibre (Poole and Cord-Ruwisch, 2004). 
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4 Wool scouring effluent 

The effluent produced during wool scouring is often regarded as one of the most 

concentrated and most polluting effluent in textile industry and its volume is huge as water 

based scouring methods use 111–659 liters of water per kilo of wool (Labanda and Llorens, 

2008; Allafi et al., 2021). Lapsirikul et al. (1994) describe the scouring effluent as a highly 

stable water-emulsion of grease which also contains dirt particles, salts and detergent, 

whereas the review of Allafi et al. (2021) describes wool scouring effluents as alkaline, 

fragrant and dark wastewater. The most problematic component of the effluent is wool 

grease as it has low biodegradability and thus makes treatment of these effluents very 

challenging.  

  

As presented in Figure 4 conventional wool scouring line produces different waste streams. 

Waste waters from rinse bowls are more dilute than effluent stream from scour bowls. Grease 

is often removed from the latter stream by centrifugation and this non grease waste is called 

as strong flow. It contains still relatively much grease, all suint and most of the dirt as a 

stable emulsion (Peláez et al., 2001). 

 

4.1 Content of the wool scouring effluent 

Typically, wool scouring effluent contains 3 000–20 000 mg/L wool grease, 7 000–15 000 

mg/L suint salts and 10 000–30 000 mg/L (Lapsirikul et al., 1994). However, instead of 

concentrations of different impurities, the environmental effect of various wastewaters is 

usually described by chemical oxygen demand (COD) value, which can be as high as 45 000 

mg/L for wool scouring effluent. The main reason for high COD value is the emulsified wool 

grease, whereas water-soluble components, known as suint, has smaller effect to COD  

(Poole, 2004). Other parameters used to describe the wool scouring effluent are total and 

dissolved solid content, total organic carbon (TOC), biochemical oxygen demand (BOD), 

total oxygen demand (TOD), colour and pH (Bisschops and Spanjers, 2003; Labanda and 

Llorens, 2008). However, according to Bisschops and Spanjers (2003) the results are 
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depending on the analytical method used but unfortunately, the methods are only seldom 

described in enough detailed. Especially the result for colour test is highly dependent on the 

used wavelength if done with spectrophotometric method. Another option for colour 

measurement is visual method, in which different scales are used. In addition, the solid 

content of the sample affects to the results of many analysis done for wastewaters.  Thus, 

insufficient analytical information, like if solids have been removed before analysis or not, 

makes comparison of data from different sources complicated or sometimes even 

impossible. (Bisschops and Spanjers, 2003).  

 

While use of non-ionic surfactants has improved the ability of scouring methods to prevent 

re-deposition of contaminants back to fibre, the emulsion stability of the effluent has 

simultaneously increased. This together with the decreased consumption of water for 

example by re-circulation of scouring liquors has make effluents more difficult to treat. 

Decreased effluent volumes means higher pollutant concentrations and further complicates 

phase separation, which is essential in effluent treatment. (Poole, 2004; Labanda and 

Llorens, 2008). However, some recent changes in scouring conditions, like effort to 

minimise the detergent doses, are beneficial at least for biological effluent treatments 

(Mercz, Cord-Ruwisch, 1997). 

 

4.2 Treatment options for wool scouring effluents 

Different methods have been tried to purify this challenging wastewater and to increase 

possibility to recycle water in scouring process. However, methods are having different kind 

of disadvantages; some methods have high operating costs, others need large land area 

causing high investment costs or other problems like foam formation which disturbs the 

process (Lapsirikul et al., 1994).  Treatments can be classified as primary, secondary or 

tertiary ones as presented in Table 3. Primary method means some physical method like 

screening or centrifugation, which is usually integrated to the scouring system. Its aim is to 

recover woolgrease from the effluent. One common primary system is to feed effluent via a 

hydrocyclone to a decanter centrifuge. Whereas tertiary system means using series of 

biological lagoons, from which first pit removes settleable solids, second pond is anaerobic 
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and third one aerated.  The final step in this process is a large holding lagoon, where effluent 

is evaporated and stored. (Halliday, 2002). The secondary methods are most common and 

some of them are described in following chapters. 

 

Table 3: Classification of the treatment methods used for the wool scouring effluents 

Primary methods Secondary methods Tertiary methods 

Physical methods 

• Screening 

• Centrifugation 

• Chemical 

• Biological 

o Aerobic 

o Anaerobic 

• Membrane filtration 

• Different combinations 

Biological lagoons 

 

 

 

4.2.1 Chemical purification methods 

The aim of secondary methods is to remove organic matter as much as possible from the 

effluent either by biological or chemical process. Acid cracking, which uses sulphuric acid 

to separate and recover wool grease from the emulsion, is an old chemical method and still 

used in many mills. However, this method is not able to treat more concentrated effluents 

from scouring process using non-ionic synthetic detergents. (Halliday, 2002; Poole, 2004). 

Other relatively old and common purification method in Australia and UK is SIROLAN CF 

process, in which pH of the effluent is first adjusted by sulphuric acid below 4 and then 

polymeric flocculants are added. Afterwards effluent is centrifuged at 2 000 rpm to separate 

sludge and effluent, which is defined as Sirolan CF effluent. (Jones and Westmoreland, 

1999). Although SIROLAN CF process removes at least 95 % of wool grease, the Sirolan 

CF effluent has still too high COD concentration, about 5 000–15 000 mg/L, and further 

purification is needed (Poole et al., 1999).    

 

Chemical flocculation is seldom used as only treatment for wool scouring effluent but 

(Mercz and Cord-Ruwisch, 1997) has studied the ability of various commercial flocculants 

(polyacrylamide cationic, non-ionic and anionic), cationic coagulants and natural organic 
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polymers to remove grease from the effluent. Testing was done as bench flocculation tests, 

in which chemicals were used in different concentrations either alone or as mixture of 

cationic flocculant and other type of chemical.  The efficacy of the tested flocculants in 

grease removal from the effluent varied from 5 % to almost 76 % the combinations of 

inorganic polymers and cationic flocculants being the most efficient ones. However, Mercz 

and Cord-Ruwisch (1997) concluded that sufficient grease removal can’t be achieved by 

chemical flocculation only.  

 

4.2.2 Biological purification methods 

Biological methods are aerobic or anaerobic treatments which destabilize emulsion of wool 

scouring effluent. After treatment period of several days, woolgrease flocculates into a 

sludge. In addition to slowness of the process, the needed area is significant disadvantage of 

this process. (Halliday, 2002). Although Mercz and Cord-Ruwisch (1997) stated already in 

1990s that due to very high COD value of the effluent, traditional aerobic treatment with 

activated sludge will not work as efficient treatment for wool scouring effluents, the method 

is used in wool industry with combination of some other method. Anaerobic degradation 

alone is not more feasible treatment option for commercial use than aerobic method as even 

dense bacterial culture is not able to stabilise wool grease emulsion at the presence of excess 

concentration of free detergent. However, hybrid process including anaerobic degradation 

and chemical flocculation or coagulation has been shown to be an effective treatment method 

at least in laboratory scale. (Mercz and Cord-Ruwisch, 1997; Halliday, 2002). 

 

Poole and Cord-Ruwisch (2004) studied the potentiality of aerobic biological treatment as 

one step of wool scouring effluent processing. Investigations were conducted both in 

laboratory and pilot scales using bio-reactor tanks of 1.4 L and 100 L, respectively. The tanks 

contained aerobic microbial cultures containing bacteria and protozoa. The heavily 

concentrated scouring effluent, called as strongflow effluent, was collected from local wool-

scouring mills, centrifuged and autoclaved and pumped from storage tank to the reactor and 

mixed with microbial culture. 
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During laboratory experiments observations about impacts of different operation conditions 

were done. For example, cooling, foam-breaking stirrer and at least 6 hours hydraulic 

reaction time were noticed be essential for effective removal of COD. The ability of aerobic 

bacteria to break the emulsion of concentrated wool scour effluent was preliminarily proved 

in batch trials and further supported by laboratory scale experiments. The pilot reactor 

operated with standard conditions of 38 h HRT, 30 °C reactor temperature and > 50 % 

dissolved oxygen saturation for 116 days and removed grease on average 95 %. In addition, 

this system decreased COD and non-ionic surfactants concentrations by 82 % by 56 %, 

respectively. The studied destabilisation process produced sludge containing wool wax, dirt 

and biomass. (Poole and Cord-Ruwisch, 2004). 

 

4.2.3 Combination of biological pretreatment to chemical or biological method 

For example,  Lapsirikul et al. (1994) investigated biological flocculation as pretreatment 

before classical biological process. The efficiency of this experimental system was studied 

in continuous operation (100 days) for the effluents with high and low grease content. Two 

cylindrical columns worked as anaerobic bioflocculation reactors filled with anaerobic 

sludge obtained from municipal wastewater treatment plant. Based on analysis 

bioflocculation removed about 50 % of the grease from the effluent when its original 

concentration was high (about 15 000 mg/L).  When purification was continued with an 

aerobic treatment, the total removal of grease was over 97 % to the final concentration below 

100 mg/L. The results were similar for the effluent with low original grease content. 

(Lapsirikul et al., 1994). 

 

As continuous experiment showed that biological flocculation can destabilise wool grease, 

Lapsirikul et al. (1994) investigated the principal mechanism of bioflocculation by three 

different batch experiments. The first one showed that flocculation of wool grease is mainly 

due to biological activity of anaerobic microbes, whereas physico-chemical absorption has 

only minor role. Further investigations indicated that flocculation is more efficient and rapid 

in liquid phase than in solid phase. When micro-organisms were removed from liquid phase 

by filtration, hardly any grease was removed during studied settling period (7 days). Based 
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on their results Lapsirikul et al. (1994) regard bioflocculation as promising process as it 

removes grease faster than biodegradation. In addition, as anaerobic microbes of municipal 

waste acts as flocculants, no other additives are needed. However, microbiological aspects 

should be known better to be able to optimise the process.   

 

Mercz and Cord-Ruwisch (1997) developed the method of Lapsirikul et al. (1994) further 

and optimised anaerobic reactor both in laboratory- and pilot-scale to achieve efficient 

removal of grease with anaerobic biological flocculation and chemical flocculation. The 

studied effluent was from the first and second scouring bowls, i.e. strongflow. The effluent 

was first pumped to the bioflocculation reactor which was seeded with anaerobic sludge and 

the outflow flowed then continuously to the second reactor. In this latter reactor flocculants 

were mixed to the feed and the reactor worked as flocculation vessel. Before proceeding to 

main experiments Mercz and Cord-Ruwisch (1997) investigated the grease removal 

efficiency of different flocculants and coagulants from biologically treated wool scouring 

effluent. The results deviated from the results of the same test conducted with untreated 

effluent (see 4.2.1) as now the highest grease removal was achieved by high-molecular 

weight cationic flocculants instead of organic polymers. Based on these results Zetag 92, 

which is polyacrylamide cationic flocculant with medium high charge, was selected to 

laboratory- and pilot-scale experiments. (Mercz and Cord-Ruwisch, 1997) 

 

Mercz and Cord-Ruwisch (1997) varied operational conditions of the process, for example 

hydraulic retention time (HRT) meaning the time effluent stayed at the biological reactor 

and concentration of flocculant to find the most efficient conditions. They used the feed 

having grease content about 10 g/L in all experiments. In laboratory scale studies sufficient 

grease removal (72–80 %) was achieved with flocculant concentration of 50–75 mg/L, 

whereas in pilot scale strong correlation between flocculant concentration and grease 

removal was observed; concentration of 84.7 mg/L decreased the grease content of the 

effluent only by 62 % and 138 mg/L by 87 % meaning residual grease concentration about 

4 g/L and 1.3 g/L, respectively. Based on their experiments Mercz and Cord-Ruwisch (1997) 

recommended relatively short reaction time (HRT 1 or 2 days) and regular removal of the 

sludge from the reactor to prevent overloading the reactor. In addition, in their opinion a 
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tertiary aerobic polishing step after biological-chemical treatment is needed to assure 

sufficient decrease in grease and BOD contents of the wool scouring effluent. However, as 

polymeric flocculants are expensive, the optimisation of the process conditions should be 

continued including the dosing of detergents in the scouring.  (Mercz and Cord-Ruwisch, 

1997). 

 

One possible treatment is a combination of biological anaerobic digestion and physico-

chemical post-treatment, which was investigated by  Peláez et al. (2001). Although part of 

wool grease was removed from the effluent by centrifugation, it still contained grease over 

10 g/L and COD approximately 50 g/L. This strong effluent was feed first to an anaerobic 

baffled reactor (ABR) and finally to a coagulation-flocculation device. However, first only 

biological anaerobic digestion was in use. The volume of one ABR reactor was 300 m3 and 

it was inoculated with a sludge from a wool scouring lagoon and later by recycling 10-15 % 

of the settled sludge back to the reactor. The system was constructed step by step and in final 

phase it contained 3 ABRs in parallel. Based on analysis ABRs removed 47–50 % of COD 

and 50–55 % of grease when the initial effluent has the COD concentration of 32 g/L and 

the grease concentration of 9.5 g/L. (Peláez et al., 2001). 

 

The coagulation-flocculation device works as the second treatment, in which the effluent 

reacts first with coagulant and flocculant is added afterwards to the mixture. According to 

Peláez et al. (2001) this kind of hydraulic conditions produces flocs with narrow size range. 

To optimise coagulation-flocculation step the scouring effluent was feed to the device either 

directly from the centrifuge or via ABRs with different flow rate and adding various dosages 

of the flocculant (polyelectrolyte) and samples were taken with the jar-test method. The 

analysis showed that anaerobic process destabilizes the effluent and smaller amounts of 

flocculants are needed than without ABRs. Optimising was continued by continuous 

experiments to find best combination of coagulants and flocculant by following residual 

COD content of the effluent. It was observed that increasing polyelectrolyte concentration 

from 10 mg/L doesn’t have any effect, whereas coagulation concentration has to be 

optimised according to the requirements of COD removal. Finally, the integrated system was 

operated for 150 days using optimised conditions and it was shown to be able to decrease 
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both COD and grease content of the strong effluent, by 87 % and 93 %, respectively. The 

COD concentration of the final permeate was below 2 g/L. In addition, the sludge having 

good settling properties was formed in this process. As a conclusion, Peláez et al. (2001) 

described this combination method to be efficient, compact, cheap and easy treatment 

method for wool scouring effluent.  

 

4.3 Potentiality of membrane technology in purifying wool scouring effluents 

Membrane processes are separation process, which are used to divide the feed stream to two 

fractions, retentate (or concentrate) stream and permeate stream. The term “membrane” is 

hard to define exactly but Mulder (1996) defines it generally as “a selective barrier between 

two phases, the term ‘selective’ being inherent to a membrane or a membrane process”. The 

membrane-based separation is done according to different characteristics of the components 

in the feed stream, like particle size. In addition to large variety in membranes, also each 

separation process is specific utilizing various driving forces, like pressure difference. 

Generally, the performance of the membrane is determined by its selectivity and the flow 

(flux) of the stream through the membrane. These parameters are highly dependent on the 

membrane and the properties of the stream. (Mulder 1996).   

 

Membrane separation technology has improved a lot during last decades and new 

applications and membrane materials have been developed. The history of synthetic 

membranes starts already in the beginning of 1900s and since then membrane science has 

developed in parallel with progress of polymer chemistry. One milestone was the 

development of reverse osmosis (RO) membranes made from cellulose acetate around 1960, 

after which also ultrafiltration (UF) and microfiltration (MF) have been utilized in industrial 

scale. Soon other polymers than cellulose acetate were used as membrane materials and 

polymerized composite membranes were introduced in 1980s. In parallel with development 

of different materials, membrane bioreactors (MBRs), which combine membrane 

technology with biological treatment, were developed. (Porter and Gordon, 1990; Cassano 

and Conidi, 2013; Kamali et al., 2019).  
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Both polymeric and inorganic (i.e. ceramic) membranes are used to treat industrial effluents. 

Polymeric membranes are widely used probably due to their easy and cheap manufacturing. 

They can be manufactured from various polymers each having own benefits and limitations, 

for example membranes made from hydrophilic polymers (e.g. cellulose acetate) have quite 

low thermal and chemical stability while hydrophobic membranes (e.g. polyethersulfone) 

have even excellent thermal stability. The one advantage of polymeric materials is their 

flexibility as they can be modified easily for example by combining different materials. 

(Madaeni et al., 2015). Ceramic membranes have been shown to be chemically more stable 

and easily cleaned, but they have been more expensive to manufacture than polymeric 

materials. However, due to innovations also cheaper, more effective and more compact 

ceramic systems are nowadays available (Barredos-Damas et al., 2012) although according 

to Kamali et al. (2019) newer inorganic membranes have been tested mostly only in lab and 

pilot scales.  

 

One common problem related to membranes is their fouling tendency.  Fouling means long 

term decrease in the permeate flux due to adsorption of particles to pores or on the membrane 

surface, pore blocking by particles and/or cake formation on the membrane surface. First 

two mechanisms decrease the pore volume of the membrane whereas the latter mechanism 

increases the membrane resistance. The outcome of both mechanism is decreased filtration 

capacity of the membrane. (Delphos, 2016). Fouling tendency is depending on 

physicochemical interactions between effluent and membrane and for example 

concentration, temperature and pH of the feed are impacting to it. In addition, different 

membranes are having different fouling tendency; from polymeric membranes hydrophobic 

materials (e.g. polysulphone) have higher tendency for fouling than hydrophilic membranes 

(e.g. cellulose acetate) when aqueous feed streams are filtrated. (Cassano and Conidi, 2013). 

Other properties impacting fouling tendency of both ceramic and polymeric membranes 

are.their microstructure, surface roughness and pore size. However, cleaning by physical or 

chemical methods generally provides solution to fouling problem and especially ceramic 

membranes tolerate harsh cleaning agents. (Lee at al., 2015). 
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As only seldom fouling can be avoided totally, different kind of mitigation tools have been 

developed. The appropriate operational conditions are essential and fouling tendency can be 

decreased for example by increasing the temperature and/or flow velocity. In addition, the 

dead-end filtration mode is generally more sensitive to fouling than crossflow mode. 

Membranes can be cleaned chemically, physically or electrically and the method is selected 

according to the chemical stability of the membrane, the module configuration and the 

properties of the particles causing fouling. (Cassano and Conidi, 2013; Delphos, 2016). In 

addition, antifouling properties have been added to membranes and Kamali et al. (2019) 

mention for example utilization of titanium dioxide or silica nanoparticles as successful 

methods. As membrane fouling can cause remarkable costs during operation for example 

due to shutdowns in the process, finding cost-effective method to prevent fouling is critical 

for wider commercialization of membrane technology. (Cassano and Conidi, 2013; Delphos, 

2016).  

 

On their review Kamali et al. (2019) regarded membrane processes as feasible solutions to 

treat industrial wastewaters in general as their implementation is relatively easy and they 

provide high efficiency. Membrane filtration is an attractive option also for textile industry, 

which is seeking solutions to purify its wastewaters so that they could be reused (Liu et al., 

2011). As the composition of textile wastewaters varies, the same membrane material 

doesn’t fit to all cases and for example ultrafiltration is not best choice when good retention 

of dyes is needed (Petrinić et al., 2015). According to Barredo-Damas et al. (2012) 

microfiltration can be used to remove suspended matter, ultrafiltration for removal of 

particles and macromolecules whereas nanofiltration is needed to eliminate colour. In 

addition to ongoing research, membrane technology is already used by textile industry and 

listed as one option in the Best Available Techniques (BAT) Reference Document (EPA, 

1996).  

 

In addition to membrane selection, pretreatment of the effluent impact to the filtration 

capacity and it can offer economic benefits to the filtration process. It usually increases the 

efficiency of the membrane-based processes and may decrease fouling tendency by 

removing impurities from the effluent. (Labanda and Llorens, 2008; Liu et al., 2011). 
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Especially combination of biological treatment and membrane filtration process has been 

effective in treatment of high strength effluents from textile and food mills as biological 

process converts particles into flocs facilitating separation of solids and liquid by membrane   

(Mutamim et al., 2012). There is active research ongoing about combining membrane 

technology with various physicochemical and biological methods for different effluent 

types, and Kamali et al. (2019) see lot of growth potential within this technology.  

 

When selecting the membrane and pretreatment, the purpose of treatment has to be taken 

into consideration as well. Purification must be more efficient if treated water is reused than 

if it is only entered to public sewer. Thus, case specific investigations are needed to find the 

most usable filtration conditions for each effluent to be treated. (Liu et al., 2011; Barredo-

Damas et al., 2012; Kamali et al., 2019). 

 

4.3.1 Purification of the wool scouring effluents using membrane filtration 

Membrane filtration has been used to purify the wool scouring effluents already in 1990s 

and some experiences are summarized in this section. It should be noticed that wool scouring 

effluents do not contain any dye and thus the requirements for filtration selectivity are 

different than those of textile industry in general. Based on available information, membrane 

filtration has been used as a single method or after biological pretreatment. Although no 

studies using new membrane materials or techniques for treating the wool souring effluents 

have recently been published, this does not necessarily mean that they are not used by wool 

industry. Due to nature of wool research, industry may would like to hide their innovations 

from others. 

 

One of the few published methods using membranes to purify wool scouring effluents is the 

study conducted by  Turpie et al. (1992) in South Africa. The aim of this study was to purify 

water consumed during wool scouring using membrane technology in level that it could be 

reused at rinsing steps of the scouring.  The industrial scale formed-in-place membranes with 

pore sizes from 2 to 7 µm were formed by deposition of hydrous zirconium (IV) oxide 
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suspension inside to porous stainless-steel tubes.  One module contained 150 m of this tube 

and finally 10 ultrafiltration modules were placed in parallel.  

 

As the method did not work efficiently enough for scouring waters, it was further tested for 

the treatment of rinsing waters only. During test period one million litres of permeate with 

sufficient quality was produced. As the fouling of membranes was a problem, an automated 

membrane forming plant was developed and taken in use. This plant conducts reforming of 

membranes automatically via following steps: first accumulated fouling material is removed 

by chemical and physico-chemical processes, then the fouled membrane is removed and after 

polishing porous surfaces of stainless-steel tubes, new membrane was formed by circulating 

and deposition of hydrous zirconium (IV) oxide suspension through the tubes. (Turpie et al., 

1992). 

 

The final plant was tested for about 60 operation days with average flux rate for modules 

being 46−54 L/m2h. It was noticed that the above described automated cleaning was not 

always enough to prevent fouling or decrease in flux rate and additional cleaning of 

membranes with sulphuric acid was needed. The efficiency of purification treatment was 

proven by analysing the concentrations of grease, suint and dirt both from feed and permeate. 

The reduction of these were calculated to be 66%, 67% and 100% from the feed 

concentrations of 500 ppm, 1400 ppm and 450 ppm, respectively. According to analysis 

significant reduction happened also in conductivity, turbidity and COD (44%, 99% and 89%) 

from the initial concentrations of 1100 µmhos/cm, 679 Formazine U and 2400 mg/L. In 

addition, UV absorbance (measured 350−700 nm) of the permeate was about 95 % smaller 

than of the feed. Based on these results the quality of the permeate was acceptable to be 

reused in rinsing of the scoured wool. (Turpie et al., 1992). 

 

The potentiality of ultrafiltration to purify wool scouring effluents was studied also in 

Norway’s largest yarn factory, Sandnes Uldvarefabrikk, which handles 1000 tons of raw 

wool yearly. The objective of Bilstad et al. (1994) was to test if ultrafiltration can polish the 

wastewater effluent and reduce the volume of the concentrate produced. During pilot phase, 

ultrafiltration (UF) module of 18 tubular polyethersulphone membranes with total membrane 
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area of 0.861 m2 was used. Each membrane had length of 1.3 m and inside diameter of 

12.5 mm. Most of the trials were conducted on a batch basis and UF concentrate was returned 

after filtration to the feed tank. Samples were collected from feed, permeate and concentrate 

and COD values, solids concentration and volumes were measured. In addition, flux rate and 

fouling behaviour were followed. Regular clean water fluxes were used to decrease fouling 

and when needed chemical cleaning was conducted by circulating alkaline solution through 

the UF plant. (Bilstad et al., 1994). 

 

As the experience from pilot experiments was positive, bigger plant consisting of 6 

membrane modules (each having 18 tubular membranes) was manufactured. This plant was 

operating in batch mode and its capacity was originally 20 m3/h and later grown to 40 m3/h. 

Bilstad et al. (1994) published the results from four years period, when the filtration plant 

operated daily 15 hours. Although the effluent produced by wool factory has high COD 

concentration, even 100 000 mg/L, the COD reduction of the effluent was always at the level 

required by the Norwegian Environmental Protection Agency, i.e. 75% as minimum and the 

filtrated effluent could be entered to public sewer. However, the membrane fouling was 

significant problem causing decrease in production flux despite daily cleaning of the 

membranes using Ultrasil 53 detergent. Thus, membranes were changed once a year (not all 

simultaneously) resulting 2-4 times increase in flux. The ultrafiltration solved the wastewater 

problem of the plant partly as the permeate could be entered to sewer. But the remaining 

sludge has to be still disposed to the lagoon without any valuable use so far. However, it 

may be possible to recover solids from it to be used as animal food or as raw material for 

pharmaceuticals. According to this study membrane separation is cost-effective process as 

operational costs (power consumption, needed working hours and the cost of new 

membrane) are moderate compared to traditional separation techniques for treatment of 

textile industry wastewaters. (Bilstad et al., 1994). 

 

4.3.2 Combination of membrane filtration and chemical or biological method 

The efficacy of combination of ultrafiltration membrane and a fixed-bed anaerobic digester 

in purifying of wool scouring wastewater was tested in Japan. The scouring effluent was 
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pumped continuously to the bottom of the digester from which a part of overflow was 

recycled back to reactor and part to filtration system, which was a cylinder module with 

diameter of 89 mm and length of 1 126 mm. The used filtrate was a polyacrylonitrile hollow 

fiber with cut-off value of 13 kDa. The concentrate of the filtration was either recycled back 

to the digester or removed as sludge from the system. (Hogetsu et al., 1992). 

 

In this study for example grease and solid concentrations of the effluent were analysed before 

any treatment, after the digester only and after the combined purification system. In addition, 

the effect of the temperature in digester (mesophilic, 37 °C or thermophilic, 53 °C) and total 

oxygen demand (TOD) loading rate (kg/m3 day) to the digester were evaluated. The wool 

scouring effluent used in this study contained wool grease 15 000 mg/L, suspended solids 

30 500 mg/L and its TOD was 102 400 mg/L. It was noticed that the anaerobic digester 

ability to remove grease from the wastewater was highly dependent on TOD loading rate 

being only 30 % at maximum load of 45 kg/m3 day and 90 % at minimum load (5 kg/m3 

day) whereas the temperature has only minor impact. Addition of ultrafiltration module after 

the digester increased the grease removal significantly and it was 98–99 % regardless of 

TOD loading rate or digester temperature. The combined system also decreased TOD 

concentration clearly, by 90 %, indicating efficient elimination both dissolved and suspended 

solids. Recycling the retentate of the filtration back to the system increased the formation of 

methane gas by 20 % and doubled the biodegradation of the suspended solids in the treatment 

process. (Hogetsu et al., 1992). 

 

Although digester temperature didn’t affect to grease removal, the permeability of the 

ultrafiltration membrane was higher in thermophilic conditions. However, a significant 

decrease in the flux rate, from 37 L/m2h to 17 L/m2h, was observed during operation time of 

210 days. Fouling was tried to be prevented by periodic back-washing of the membrane with 

hot water at intervals of 30 minutes to avoid plugging of the pores and finally chemically 

cleaned with oxalic acid. As these didn’t help, the membrane was changed after 210 days.  

Despite the fouling problem the pilot plant filled the set economical and space requirements 

and purified wastewater filled the discharge regulations. Thus, commercial plant with 

capacity of 70 m3/d using same combination treatment was built. Based on preliminary 
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information this plant operates well but no detailed information is available. (Hogetsu et al., 

1992). 

 

Alternatively, membrane filtration can be combined with a chemical method as in the study 

of Labanda and Llorens (2008). They evaluated how combining coagulation-flocculation 

process either with ultrafiltration or nanofiltration membrane purification improves the 

purification efficiency and if the pretreatment decreases the fouling tendency. The 

experiments were conducted in small scale by treating the effluent produced during scouring 

of only 20 g wool sample. The study was conducted in two steps; first different coagulant-

flocculants and operating conditions for the pretreatment step were tested. When ferric 

chloride was used as coagulant-flocculant, correlation was found both between pH and 

concentration of ferric chloride (FeCl3) and TOC removal, which was the used criteria for 

efficiency of purification. TOC removal from the original concentration of 37 261 mg/L 

reached maximum (94%) when FeCl3 concentration was 900 mg/L and pH 4. Other tested 

coagulant-flocculants were cationic polymers, an aliphatic Hyfloc C-410 and an aromatic 

Hyfloc K-533. Although different concentrations and other operation parameters or 

combinations of compounds were tested, the efficacy of ferric chloride was not reached with 

other coagulant-flocculants. (Labanda and Llorens, 2008) 

 

As the second step the membrane separation was optimised by investigating both ceramic 

and polymeric membranes with different pore sizes. Tubular ceramic membranes supplied 

by Tami (Nyons, France) have molecular weight cut-offs (MWCO) 50, 3 and 1 kDa and 

their total filtration area was 0.040 m2. The tested polymeric membranes were polysulfone-

polyamide flat sheet nanofiltration membranes with MWCO values of 0.3 and 1.0 kDa from 

GE Infrastructure Water & Process Technology (Sant Cugat, Spain). (Labanda and Llorens, 

2008). The treatment system and its streams are presented in Figure 6.  
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Figure 6. The process design of the wool scouring effluent treatment system with 

coagulation-flocculation and filtration steps (adapted from Labanda and Llorens, 2008). 

 

The combined system removed TOC significantly better than coagulation-flocculation 

system only. All nanofiltration membranes (ceramic or polymeric) were more efficient as 

expected in TOC removal than ceramic ultrafiltration membrane and maximum was 

achieved with pore size of 0.3 kDa. The coagulation-flocculation process at pH 4 with ferric 

chloride concentration of 500 mg/L followed by filtration with 0.3 kDa polymeric membrane 

removed over 95 % of grease, solids (total and suspended), TOC and COD of the effluent 

and dissolved solids by 88 %. The final permeate stream contained grease 26 mg/L, 

dissolved and suspended solids 830 mg/L and 230 mg/L, TOC 76 mg/L and COD 383 mg/L, 

while the concentrations in the retentate stream were approximately 5 000 mg/L, 

41 400 mg/L, 1 300 mg/L, 4 200 mg/L and 28 500 mg/L, respectively. (Labanda and Llorens, 

2008). 

 

Labanda and Llorens (2008) conducted their study with fixed flux rate of 10 L/m2 h to 

minimize membrane fouling. However, clear reduction in permeate flux rate was observed 

both with ceramic membrane of 1 kDa and polymeric membrane of 0.3 kDa, the decrease 

being more rapid with ceramic membrane. The chemical cleaning with acid and basic 

solution at 60 °C for 15 min helped but only for short period. As the fouling experiment 

lasted only 9 hours, it only estimates the fouling tendency and fouling in long-term 

continuous-flow mode can be more severe. Labanda and Llorens (2008) concluded that this 

technology will make recycling of water in the scouring process even up to 90 % possible. 
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However, as experiments were conducted only in small scale, the process should be studied 

also in larger scale. 

 

4.3.3 Purification of the wool scouring effluents with biomembrane 

Laijiu et al. (2013) prepared composite membrane by facile drop coating method from 

chitosan, DMF, polyurethane and sucrose, which worked as carbon source for bacterium. 

Then Aspergillus Saojae was immobilized (5 days) on the prepared membrane, which 

structure was confirmed to be porous and spongy by scanning electronic microscopy (SEM) 

method. The chitosan and carbon contents of the membrane were optimised based on water 

absorbability analysis, and bio-membrane containing 20 % of chitosan and 10% of carbon 

was selected to further testing. This kind of biomembrane was shown to reduce both COD 

and suspended solids concentrations of the wool scouring effluent significantly, by 98 % and 

94 %, respectively. Thus, the writers concluded that chitosan bio-membrane containing 

Aspergillus Saojae can efficiently degrade organics from wool scouring wastewaters. (Laijiu 

et al., 2013). 

 

4.4 The comparison of different treatments of the wool scouring effluent 

Different treatment methods to purify wool scouring effluents are compared with regard to 

their ability to remove COD or grease from the effluent in Table 4. As table shows more 

efficient removal is generally achieved with combination treatments than using only single 

method. However, when selecting the treatment method also other aspects than removal 

efficiency has to be taken into consideration and purification aims may be different in small 

mills than in large mills. Perhaps the common aim is to increase the possibility to recycle 

water in scouring process but only limited evidence about recycling is available. However, 

in the study of  Turpie et al. (1992) using ultrafiltration saved 50 % in the needed freshwater 

volumes. 
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Table 4: Removal efficiency of different wool scouring effluent treatments 

Treatment Removal efficiency (%) Reference 

 COD Grease  

Aerobic bioflocculation 82‒90 > 95 Poole et al., 2004 

Aerobic bioflocculation 60 –86 64 –90 Lapsirikul et al., 1994 

Aerobic bioflocculation + chemical1 NR 80 Mercz et al., 1997  

Sirolan CF + biological 91 100 Poole at al., 1999 

Anaerobic biological + physicochemical 87 93 Peláez et al., 2001 

Ultrafiltration  89 66 Turpie et al., 1992 

UF (PES membrane) > 75 > 80 Bilstad et al., 1994 

Anaerobic biological + UFM NR 98 Hogetsu et al., 1992 

Chemical + nanofiltration 99 99 Labanda et al., 2008 

Bioreactor 98 NR Laijiu et al., 2013 

1
) Pilot scale, COD = chemical oxygen demand, NR = not reported, UF = ultrafiltration membrane, PES = 

polyethersulphone 

 

According to Poole and Cord-Ruwisch (2004) the biological treatment of which reactor 

conditions are optimised according to the properties of the wool scouring effluent to be 

treated has many advantages compared to traditional aerobic treatments: it is efficient, faster, 

capable to treat more concentrated effluent streams and operation costs of aeration are 

relatively low. However, based on the results in Table 4 the main benefit of biological 

method is achieved when used together with some other method. The same applies to 

filtration technology as its removal efficiency is improved significantly by biological or 

chemical pretreatment. The combination is also decreasing treatment costs, for example 

Mercz and Cord-Ruwisch (1997) managed to modify otherwise expensive chemical method 

to reasonable option by optimisation and combination it with anaerobic biological 

flocculation. 

 

Based on existing scientific knowledge membrane technology is an attractive option for 

treatment of wastewaters produced during wool scouring. It is proven that wool scouring 
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effluents can be purified efficiently enough to be entered to the public sewer. Whereas only 

scarce literature is available about reuse of treated effluent in wool scouring process, 

although for example Marcucci et al. (2001) has shown that using of filtrated textile effluents 

in dyeing of wool is possible. According to Labanda and Llorens (2008) fouling tendency is 

the main obstacle in extending the use of membrane technology in wool scouring process as 

it increases the operational costs due to needed cleaning and shutdowns in the treatment 

process. However, ongoing research within membrane technology may provide solutions to 

this challenge. The aim of the research should be development of a membrane technology 

applications with reduced operational costs, while having technical feasibility and purifying 

the effluent sufficiently depending on if the aim is to reuse water in scouring process or to 

enter it to public sewer. The potentiality of membrane technology in cleaning small volumes 

of wool scouring effluents is worth of investigations, as it may provide easy solution for 

small scale wool mills.  
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5 Valuable components of the wool scouring effluent 

As mentioned above the purification of wool scouring effluents is an expensive process and 

may require also relatively big investments. However, the purification is essential as 

untreated effluent is too polluted to be entered to the public sewer without any treatment. 

Thus, it would be useful if some valuable compound could be easily extracted from the 

effluent at wool mill. The mill could then sell this fraction for further processing for example 

to the biorefinery and cover the effluent treatment costs by these incomes. The most of the 

effluent treatment methods produces also huge volumes of sludge and it would be beneficial 

to find some use for this fraction as well. Next chapters concentrate on lanolin, which is the 

best-known fraction in the wool scouring effluent, but also some other possibilities to utilise 

wool scouring wastes are presented.  

 

5.1 Lanolin 

The main and simultaneously the most valuable component removed from wool during 

scouring is wool grease, which is called also as wool wax. According to Halliday (2002) the 

material secreted from sheep’s sebaceous glands is wool wax, whereas wool grease refers to 

the material recovered from wool or from wool scouring effluents by various methods. The 

recovered wool grease is contaminated with detergents and suint making it to differ from 

wool wax.  However, the use of these terms is not consistent in the literature. The term 

lanolin is meaning purified wool grease; refining happens via different process which 

improve the purity, colour and odour according to the requirements of applications. The 

grease exists both oxidised and unoxidized forms, from which unoxidized fraction is more 

easily recovered from wool scouring effluents. (Halliday, 2002; Sengupta and Panda, 2017).  

 

5.1.1 The recovery of lanolin by centrifugation 

The main process to recover wool grease is a combination of thermal cracking and 

centrifugation using stacked disc or nozzle centrifuges. The process is most often two- or 
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three-stage system, in which either two or three centrifuges are applied and the selection of 

the system is based on the quantity and quality of available woolgrease.  In both options a 

grease phase is first separated from the scouring effluent by primary centrifuge using rotation 

rate of about 6 000 rpm, then the separated cream is mixed with hot water (90 °C) to help 

removing of water-soluble contaminants and dirt by second centrifuge operating as a 

purifier. While in two-stage systems the cream separated with primary centrifuge contains 

60–80 % grease, the grease concentration of this cream is usually only 10–20 % in three-

stage system, which is typically used for merino wool. Thus, two additional centrifuges are 

needed to achieve the optimal wool grease purity, 99 %. In both systems aqueous phases 

separated from the effluent by different centrifuges is usually circulated back to scouring. 

The recovered fraction contains mostly unoxidized grease in a form of dark, highly viscose 

and greasy paste. (Halliday, 2002; Sengupta and Panda, 2017). 

 

5.1.2 The recovery of lanolin by solvent extraction 

Solvent extraction is another option to separate grease from wool or from the scouring 

effluent. While Soxhlet extraction using dichloromethane is a common option, the 

potentiality of supercritical fluid extraction (SFE) has been studied quite a lot.  For example, 

Domínguez et al. (2010) compared the efficacy of dichloromethane extraction with SFE by 

CO2 to recover wool grease from raw merino wool.  The grease recovery was dependent on 

the modifier used to enhance the solvating power of CO2 in SFE; with methanol or ethanol 

the yield of wool grease (18.6 % and 22.8 %, respectively) was similar with dichloromethane 

extraction (20.3 %), while using acetone as a modifier the yield was only 9.4 %.  (Domínguez 

et al., 2010). Correspondingly López-Mesas et al. (2005) found SFE using toluene as 

cosolvent and conventional Soxhlet system with dichloromethane to be equal efficient 

methods to extract wool grease from the wool scouring wastes. However, the optimal sample 

preparation was different for two investigated sample types: a centrifuged cream or a sludge 

fraction. As supercritical fluid extraction with CO2 was faster and needed solvent volumes 

smaller than with Soxhlet extraction, López-Mesas et al. (2005) recommends considering 

taking this method to wide use. According to Alzaga et al. (1999) the same benefits apply 

for analytical scale and SFE could increase the accuracy of the lanolin analysis compared to 

Soxhlet extraction. However, as deviation to the study of Domínguez et al. (2010), Alzaga 
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et al., (1999) got the highest lanolin yield by using acetone as modifier of main extractant, 

CO2.  

 

5.1.3 Chemical composition of lanolin 

Chemically lanolin consists of various high molecular weight lipidic compounds, like esters, 

diesters, free fatty acids and free fatty alcohols and it is soluble in many organic solvents. 

The amount of possible combinations for example of esters formed from its 138 different 

aliphatic acids and 75 different alcohols is thousands enhancing the complexity of lanolin. 

Developments in analytical technologies have made it possible to characterize certain 

compound groups of the lanolin and for example it is known that typical lanolin ester 

contains 37–54 carbon atoms.  In addition, it has been shown that both fatty acids and fatty 

alcohols consist of normal-, iso- and anteiso-branched chain isomers with overall range of 

C9–C33.  (Jover et al., 2002; Moldovan et al., 2002; Moldovan et al., 2002b).  

 

The enrichment of certain lipid classes in the recovered lanolin is possible by selection of 

extraction solvents due to their different polarities. Domínguez et al. (2010) analysed 

extracted grease fractions both by qualitatively and quantitatively and observed that quite 

similar composition was achieved by SEF using ethanol as cosolvent and dichloromethane. 

Whereas using methanol as cosolvent the fractions of polar lipids and salts was bigger and 

with acetone their amounts were the lowest. However, the biggest difference was observed 

between commercial lanolin, which was recovered by centrifugation from the scouring 

effluent, and all extracted fractions. The total amount of lipids in commercial lanolin was 

less than of extracted lanolin. In addition, its lipid composition was different as it contained 

less polar lipids and salts and more mono- and diesters than extracted lanolin. Based on these 

results the extraction is a method of choice if aim is to produce for example cholesteryl ester 

rich fraction while centrifugation of the wool scouring effluent is simple method to produce 

lanolin to be used as such.  (Domínguez et al., 2010).  
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5.1.4 Lanolin applications 

Lanolin is regarded as valuable material for various industrial applications mainly due its 

hydrophobic nature. In addition, its strong emulsification and penetration properties are 

useful especially in cosmetics, like ointments and soaps, in which lanolin has been used for 

decades. As its melting point is near human body temperature (40 °C), it is perfect for many 

pharmacological applications. Although the most of applications uses refined grease, i.e. 

lanolin, crude wool grease and its derivatives can be used for example in anti-corrosive 

coatings and lubricants. (Sengupta and Panda, 2017; Allafi et al., 2020).  Lanolin is also 

essential and unique source of sterols, like cholesterol and lanosterol (Jover et al., 2002). 

 

However, recent publications are suggesting new applications where lanolin could be 

utilized. For example, Khattab et al. (2019) have developed a method to prepare 

mechanically durable coating from lanolin and silicone rubber to be used on viscose fibres. 

This coating was proven to provide protection against ultraviolet rays while being 

comfortable, stiffness and air permeable. El-Sayed et al. (2018) has listed several textile 

applications, in which lanolin has worked in lab-scale but are waiting for scaling up. In 

addition, lanolin has been used for example in varnishes, glues and polishes and El-Sayed et 

al. (2021) is developing hybrid fluorescent ink from lanolin extract and other components. 

It is also possible to manufacture efficient wool scouring detergents from lanolin by 

sulfonation and neutralization (Allafi et al., 2020). 

 

Perhaps one big application in addition to cosmetics of lanolin is its use as raw material for 

vitamin D supplements. This happens by removing many compounds such as aliphatic 

alcohols and lanosterols from lanolin by series of chemical reactions and further purification 

the rest to obtain 7-dehydrocholesterol. After recovery this compound is UV irradiated to 

cholecalciferol (i.e. vitamin D-3), which is dried and concentrated to be used in vitamin D 

supplement. (Taofiq et al., 2017).  
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5.1.5 Lanolin fractions 

Some research has been conducted with different lanolin fractions to find new ways to utilize 

it. For example, the potentiality of lanolin alcohol, which is formed from lanolin by 

hydrolysis, has been studied.  Ding et al. (2016) regard lanolin alcohol as potential source of 

cholesterol due its cheapness and abundance. They have published a selective solvent 

crystallization method having good recovery efficiency under optimised conditions (80 %). 

However, recrystallisation step is needed to achieve better purity of cholesterol (95 %) 

decreasing the overall recovery of cholesterol from lanolin alcohol to 66 %. Other valuable 

compound in lanolin is lanosterol, which potentiality in preventing cataract is under active 

research. However, due its small concentration in lanolin high performance separation 

methods are needed. (Ding et al, 2016). Pei et al. (2019) developed counter-current 

chromatographic method able to extract lanosterol, dihydrolanosterol and cholesterol with 

high purity from crude lanolin.  

 

One additional example of the research work conducted with lanolin is the study of  

Rissmann et al. (2008).  They isolated non-polar lipid fractions (sterol esters, wax esters and 

dihydroxy wax esters) from lanolin by column chromatography and formed various semi-

synthesis lipid mixtures (SSLM) from them with various synthetic lipids, like triglycerides, 

ceramides and fatty acids. Based on conducted structural investigations, the SSLM 

containing adjusted triglyceride mixture and dihydroxy wax esters from lanolin as the main 

non-polar component reminded most natural vernix caseosa (VC). The in vivo efficacy of 

this composition was similar with isolated VC lipids in topical test. Rissmann et al. (2008) 

concluded that partly lanolin based SSLM could work as innovative barrier for deficient 

skin.     

 

It could be summarized that lanolin is not useless component of wool fibre, whereas it is 

appreciated raw material. Although it has many established applications, new possibilities 

to use it have been found recently. However, most of these innovations are made in 

laboratory scale and hardly anything is known about their scalability. Other issue is how to 

recover lanolin efficiently from the wool scouring effluents, especially in small scale wool 
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mills. The current process using centrifuges works only in large mills scouring thousands 

tons of wool annually. 

 

5.2 Wool scouring sludge 

It is estimated that wool industry produces 930 000 tonnes of sludge yearly globally. Until 

recently this sludge has been mainly landfilled but due to its high organic content and 

possible pesticide residues this is not an acceptable option from environmental point of view. 

Landfilling is also expensive to wool mills. (Pearson et al., 2004). One option to get rid of 

this waste is incineration, which according to Pearson et al. (2003) is economically more 

viable than landfilling due to the produced energy. It provides also other benefits, as toxic 

pesticides are destroyed during incineration and residual ash could be used for example as 

raw material of concrete (Pearson et al., 2003).  

 

However, sludge could be effectively composted together with sawdust or other similar 

agents to produce an ideal soil ameliorant. Based on the studies conducted by Stokes et al. 

(2002) composted wool sludge improved soil moisture and porosity and organic matter and 

potassium contents. Although no change was noticed in crop yields at first year, this kind of 

improvements are assumed to happen over the longer term. (Stokes et al., 2002). Another 

trial was conducted in United Kingdom in which wool sludge originating from chemical 

flocculation process of wool scouring effluent was mixed with green waste and composted 

using aeration static pile method. After composting period (110 days) the concentrations of 

pesticides and potentially toxic elements, like cadmium and mercury, in the mature compost 

were below the safety limits. On the other hand, it contained significant amounts of nitrogen, 

carbon and organic matter and is thus useful product with commercial potentiality. (Pearson, 

et al., 2004). 

  



55 
 

Experimental part 

6 Materials and methods 

The main purpose of this study was to find filtration conditions which purify the scouring 

effluent enough to be recycled back to wool scouring process and retain filtration capacity 

long enough. The recycling would be possible if the permeate fills following criteria: 

visually colourless and clear, its pH is neutral and the measured colour and turbidity are 

approximately like tap water (Manivasakam, 2011; Matikainen, 2022). During the 

experimental part of this study sheep wool was washed and the produced wool scouring 

effluent was purified by applying membrane filtration technology. The wool scouring 

effluents as well as permeates and retentates from the filtration experiments were 

characterized by different analyses.  

 

6.1 Raw materials  

The sheep wool used in this study was Finnsheep wool from Myllymäen tila, Pyhäjärvi, 

Finland. The wool was supplied by Sanski Matikainen from Saimas Spinnery Oy and stored 

at -20 °C. The same wool batch was used in all the experiments. The used detergent was 

designed for scouring of raw wool and supplied by Saimas Spinnery Oy. The name of the 

detergent, its manufacturer and composition are confidential information of Saimas Spinnery 

Oy and thus not published here. 

 

Four different ultrafiltration membranes were tested during this study. Three membranes 

were made from regenerated cellulose having MWCO values of 1, 3 and 5 kDa. These 

Ultracel UF Discs were manufactured by Millipore company (Burlington, MA, USA). The 

fourth membrane was the regenerated cellulose acetate membrane RC70PP, having MWCO 

value of 10 kDa (Alfa Laval Company, Lund, Sweden).  
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Following reagents were used in study: COD cell test tubes (0–150 mg/L, 0–1 500 mg/L and 

0–15 000 mg/L) (Merck KGaA, Darmstadt, Germany); n-hexane (Supelco, Merck KGaA, 

Darmstadt, Germany); 1,1,1-trichloethane (Fluka, Honeywell, USA); ethanol (Altia, 

Finland); tert-butylmethylether (MTBE); bis-(trimethylsilyl)-trifluoroacetamide (BSTFA); 

trimethylchlorosilane (TMCS) and ultra-pure deionized water (DI) (later pure water). 

 

6.2 Wool scouring 

Sheep wool was washed according to instructions given by Matikainen (2022). The whole 

washing procedure consisted of five steps as described below. The detergent was used only 

in the third step being so the main scouring step, while in other steps wool was rinsed only 

with water. Thus, only the effluent formed in the third step was used in filtration experiments. 

 

The scouring procedure was following: 

1. The weighed amount of wool was prerinsed with several litres of water (8–20 L 

depending on wool amount) at 15–20 °C for 15 min and it mixed with hands every 

5th minute (→ prerinsing solution 1) 

2. The wool was wringed as dry as possible, transferred to a new clean water bath (15–

20 °C) and rinsed as in step 1 (→ prerinsing solution 2) 

3. The wool was wringed again and transferred to a container containing exact amount 

of the detergent diluted with exact amount of water (see Table 5). The temperature 

was adjusted to 38 °C. This step lasted 15 min and mixing was done every 5th minute. 

(→ wool scouring effluent) 

4. The washed wool was rinsed with pure water (approximately at 35 °C) for 15 

minutes. 

5. The rinsing was repeated with pure water for 10 minutes. 
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The scouring was repeated four times using tap water in various volumes but keeping the 

ratio of wool, detergent and water constant. Detailed information about the washes is 

described in Table 5. At the end of the study small amount of wool was washed by using 

permeate from crossflow filtrations with the RC70PP membrane (the experiments XI and 

XII) instead of tap water in the third step. 

  

Table 5: Scouring conditions in different washing experiments.  

Washing time / 

Date 
Effluent Wool (g) Water (L)  

(in steps 3–5)*** 
Detergent (mL) 

1 / 14.1.2022 1 101 1.68 3.3 

2 / 28.1.2022 2 204 3.36 6.6 

3 / 25.2.2022* 3 360 (x 2) 6 (x 2) 12 x 2 

4 /10.3.2022* 4 300 (x 3) 5 (x 3) 10 x 3 

5 / 28.3.2022** 5 
a) 50 

b) 49 

a) 0.85 

b) 0.85 

a) 1.6 

b) 1.6 

* Scouring was performed in two or three sub batches to get large enough volume of the scouring effluent, the 

amounts presented are per one sub batch ** Permeates from crossflow filtrations (a) XI b) XII) were used 

instead of water in the 3rd step ***Water amount used in steps 1 and 2 was about three times this volume 

 

The wool scouring effluent was collected through the sieve (250 µm) and stored at 

refrigerator for analyses and filtration experiments.  In addition, both prerinsing solutions 

(steps 1 and 2) were collected for further experiment. The scoured wool was dried at room 

temperature (for 2–3 days) and stored in refrigerator for IR analysis.  

 

 

6.3 Filtration experiments 

6.3.1 Comparison of the membranes in the dead-end filtration experiments 

The suitability of membrane filtration to purify the wool scouring effluent was tested in 

small scale using an Amicon dead end stirring cell (Millipore, Burlington, MA, USA, Cat 
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No.: XFUF0766), which is presented in Figure 7. The used feed volume was 300 mL. The 

temperature of the feed was adjusted to 40 °C and it was stirred at 250 rpm in all 

experiments. Filtration pressure was either 3 or 1 bar (see Table 6). The active membrane 

surface area in this filtration cell was 38 cm2. The increase in permeate mass was measured 

using balance which was connected to the computer. 

 

 

 

Figure 7. Simplified process diagram of the Amicon dead-end filtration cell.1: Amicon dead-

end filtration unit, 2: Permeate tank. Both temperature and pressure of the cell were 

controlled. The active filtration area was 38 cm2 and the feed tank volume was 300 mL.  

 

Ten filtration experiments were conducted in small scale with the Amicon dead-end filtration 

cell and they are summarised in Table 6. The purpose of these experiments was to find the 

most suitable membrane and filtration conditions. In experiments I–VIII the filtrations were 

continued until the volume of permeate was 40 % of the original volume of the feed (i.e. 

mass reduction factor of 1.65 (MRF, see paragraph 6.6)). After suitable filtration conditions 

were found, two filtrations (the experiments IX and X) were continued until the volume of 

permeate was 80 % of the feed volume (MRF 5). Both permeate and retentate were collected 

from all filtrations and stored at refrigerator for further analysis. 
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Table 6: Filtration experiments conducted in small scale using Amicon dead-end filtration 

unit. Temperature was 22 °C during compaction and pure water permeability (PWP) 

measurements and 40 °C during filtration of wool scouring effluent. The feed was stirred by 

250 rpm rate. PWP measurement was done both before and after the filtration of the wool 

scouring effluent. 

Date Experiment Effluent Membrane 

Compaction 

pressures 

(bar) 

PWP 

pressures 

(bar) 

Filtration 

pressure 

(bar) 

MRF** 

19.1.2022 I 1 Ultracel 5 

kDa 

3, 5 and 6* 3, 4 and 5* 5* 1.65 

20.1.2022 II 1 Ultracel 1 

kDa 

3, 5 and 6* 3, 4 and 5* 5* 1.65 

21.1.2022 III 1 Ultracel 3 

kDa 

3, 5 and 6* 3, 4 and 5* 5* 1.65 

3.2.2022 IV 1 RC70PP 2, 3 and 4 1, 2 and 3 3 1.65 

4.2.2022 V 2 RC70PP 2, 3 and 4 1, 2 and 3 3 1.65 

7.2.2022 VI 2 Ultracel 3 

kDa 

2, 3 and 4 1, 2 and 3 3 1.65 

8.2.2022 VII 2 Ultracel 5 

kDa 

2, 3 and 4 1, 2 and 3 3 1.65 

14.2.2022 VIII 2 RC70PP 1, 2 and 3 0.5, 1.5 

and 2 

1 1.65 

21.2.2022 IX 2 RC70PP 1, 1.5 and 2 0.5, 1 and 

1.5 

1 5 

22.2.2022 X 2 RC70PP 1, 1.5 and 2 0.5, 1 and 

1.5 

1 5 

*After the first 3 experiments it was noticed that pressure gauge was not working and it was replaced with new 

one. **MRF = mass volume reduction, see 6.6. 

 

6.3.2 Further testing of the RC70PP membrane with crossflow filtration system 

Larger scale crossflow filtrations were conducted with custom-made filtration system, which 

consisted of a temperature-controlled feed tank, pump, cell, pressure gauge, needle valve, 

frequency modifier and rotameter (flow indicator). Flow diagram of this system is presented 

in Figure 8. Concentrate was circulated back to the feed tank whereas permeate was collected 

to the container kept on balance connected to the computer. The increase in the weight of 

permeate container was followed by Mass Flux software.  The used membrane was the 



60 
 

regenerated cellulose acetate membrane, RC70PP having MWCO of 10 kDa (Alfa Laval 

Company, Lund, Sweden) and the active membrane surface area was 143 cm2.  

 

 

Figure 8. Simplified process diagram of the crossflow filtration system. The total filtration 

area was 140 cm2 and the feed tank volume was 10 L. The concentrate stream was circulated 

back to the feed tank causing mixing of the feed. 

 

Large scale filtrations were repeated twice (later described as the experiments XI and XII) 

using effluents 3 and 4 (Table 5). Before the filtration of the wool scouring effluent, the 

membrane was rinsed at low crossflow velocity (1 m/s) and pressure (0.65 bar).  The 

membrane was compacted for 30 minutes by applying 2 bar pressure, 3 m/s crossflow 

velocity and by circulating the feed (tap water) back to the feed tank. After that PWP was 

measured by filtering tap water through the membrane at 22 °C for 10 minutes at pressures 

of 0.7, 1 and 2 bar while other conditions were same than in the compacting step.  
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The feed volume in large scale filtrations was approximately 10 L. During the filtration of 

wool scouring effluent the crossflow velocity was adjusted to 3 m/s by frequency modifier, 

pressure to 1 bar and temperature of the feed to 40 °C.  Samples were taken both from the 

feed tank and the permeate container after 20 minutes and when the volume of permeate was 

20 %, 40 % and 80 % of the feed (MRF 1.3, 1.7 and 4.5, respectively). In addition, one 

sample was taken from feed tank after two minutes filtration and this was regarded as a feed 

for crossflow filtrations. The filtration was continued until the feed tank was almost empty 

meaning mass reduction factor of 5.6. At the end the feed tank and rotameter were emptied 

to a retentate container. Last samples were taken both from retentate and permeate 

containers. All samples as well as the retentate and permeate containers were stored at 

refrigerator for analysis. Permeates were also stored for wool washing. PWP measurement 

was repeated after filtration similarly than before filtration. 

 

6.4 Analytical methods  

Following chapters (6.4.1 - 6.4.4) describe the analytical methods used to analyse the 

collected wool scouring effluent, permeate and retentate samples. Infrared (IR) 

spectroscopic method (6.4.5) was used to analyse wool and permeate samples.  

 

6.4.1 pH, conductivity, turbidity, COD and colour analysis  

Conductivity, turbidity and pH were measured both from wool scouring effluents and from 

the permeate and retentate samples collected during filtrations. The analysis were done at 

room temperature (25 + 1 °C). pH was measured using Metrohm 744 pH Meter (Metrohm 

AG, Herisau,Switzerland), conductivity with Konduktometer 703 (Knick Elektronische 

Messgeräte GmbH & Co. KG, Berlin, Germany) and turbidity as NTU units using Hach 

2100AN IS Turbidimeter (Hach Company, CO, USA). Conductivity and pH were analysed 

also from the diluted detergent.  
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Colour of the samples was determined as an apparent colour, which includes both colour 

originating from dissolved materials and from suspended matter, meaning analysis without 

filtration. The measurement was done using Hach DR/2010 Portable Datalogging 

Spectrophotometer (Hach Company, CO, USA) instrument having a programmed 

colorimetric measurement for apparent colour using 455 nm wavelength. The samples were 

diluted to be in the measurement range of the instrument. The results were expressed as 

APHA units and according to instrument calibration one APHA unit is equal to 1 mg/L 

platinum as chloroplatinate ion. (Hach, 1999).  

 

COD analysis was done only for the selected feed, permeate and retentate samples. 

Determination was done using COD cell test tubes (Merck KGaA, Darmstadt, Germany) for 

different COD concentrations (0–150 mg/L, 0–1 500 mg/L and 0–15 000 mg/L).  Samples 

were diluted based on the estimated COD concentrations to fit to the determination ranges 

of the used tubes. Either 2 mL or 0.2 mL of sample (depending on the tube used) was pipetted 

to COD tube and tube closed with a cap. Tubes were shaken manually and placed to COD 

reactor (Hach Company, CO, USA) at 150° C for 2 hours, cooled for 10 minutes and shaken 

slightly. After 30 minutes cooling the samples were measured by Hach DR/2010 Portable 

Datalogging Spectrophotometer (Hach Company, CO, USA) either at 620 nm (0–1 500 

mg/L and 0–15 000 mg/L tubes) or at 420 nm (0–150 mg/L tubes) wavelength using the 

programmed procedure. The former method determines the amount of Cr3+ produced during 

reaction whereas latter method measures the remaining amount of Cr6+. Results were 

expressed as mg/L meaning how much O2 is consumed as mg per liter of sample under 

testing conditions.   Each sample set contained two blanks (water) and 1 ppm glucose 

solution was used as a control sample. 

 

6.4.2 Ultraviolet (UV) spectrophotometric analysis  

UV spectra were measured from 450 to 200 nm for almost all wool scouring effluents, 

permeates and retentates. The used instrument was Jasco V-670 Spectrophotometer (Jasco 

Corporation, Tokyo, Japan). The samples were diluted as needed to achieve absorbance 

values in the calibrated range of the instrument (0.25–3.75) but analysed as such without 
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filtration. The scan speed was 100 nm min-1, bandwidth 2.0 nm, data interval 0.1 nm and 

absorbances were baseline corrected. 

 

6.4.3 Gas chromatographic analysis  

Gas chromatographic (GC) method developed for analysing wood extractives (Puro et al., 

2011) was used to investigate if filtration concentrates sterols and/or steryl esters. The feed, 

permeate and retentate samples from crossflow filtrations were analysed using this method 

after liquid-liquid extraction. The sample volumes were selected according to the expected 

concentrations and was 4 mL for permeates whereas feed and retentate solutions were 

analysed both using 1 mL and 2 mL sample volume. The pH of the samples was first adjusted 

to 3–3.5 by adding small drop of 1 N H2SO4, followed by addition of 2 mL of tert-

butylmethylether (MTBE) and 350 µL of standard solution. The standard solution contained 

heneicosanoic acid, betulinol, cholesteryl heptadecanoate and 1,3-dipalmitoyl-2-

oleylglycerol 0.1 mg/mL in MTBE. The tubes were shaken for 2 minutes by hands, 

centrifuged (5 min at 3000 rpm), MTBE phase was separated and evaporated in a nitrogen 

stream. The dried samples were silylated using 100 µl of BSTFA (bis-(trimethylsilyl)-

trifluoroacetamide) and 50 µl of TMCS (trimethylchlorosilane) and baked in oven at 70 °C 

for 45 minutes. 

 

Extractives were analysed using HP 6890 Gas Chromatograph with injector HP7683 

(Agilent Technologies Int., former Hewlett Packard, DE, USA). The silylated samples were 

injected with an autoinjector directly to MTX1-HT column (6 m with 0.53 mm i.d., Restek, 

PA, USA) with a nonpolar phase. The thickness of the film was 0.15 µm. The injector 

temperature was 85 °C and the column temperature was ramped during the run from 85 °C 

to 345 °C with rate of 12 °C min-1, held in this temperature for 5.5 min and increased with 

rate of 100 °C min-1 to 355 °C. After 2.5 min at 355 °C column was cooled to the 75 °C. The 

temperature of the flame ionization detector (FID) was 360 °C. Hydrogen was used as a 

carrier gas at 30 mL min-1, nitrogen as makeup gas at 25 mL min-1 and air flow was 350 mL 

min-1. 
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The compounds were identified as groups and the area of the peaks of each group 

summarized. The amounts of sterols (as mg/L) were quantified against to the peak area of 

betulinol standards and steryl esters (as mg/L) relative to cholesteryl heptadecanoate 

standard using Equation (1): 

 

=
(𝑆𝑎𝑚𝑝𝑙𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎)(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑎𝑚𝑜𝑢𝑛𝑡,𝑚𝑔)

(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎)(𝐸𝑥𝑡𝑟𝑎𝑐𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑚𝑜𝑢𝑛𝑡,𝑚𝑙)
× 1000   (1) 

 

6.4.4 Analysis of wool grease by solvent extraction 

Extraction of wool grease from few wool scouring effluents, permeates and retentates was 

tried using either hexane or mixture of trichloroethane and ethanol as extraction solvent. The 

latter method was modified from the method of Poole and Cord-Ruwish (2004). In this 

method 10 mL sample was extracted with 26 mL of ethanol:1,1,1-trichloethane mixture (1:1) 

in tubes, which were shaken by hands. After centrifugation (1360 g, 2 min), 10 mL of the 

bottom organic phase was evaporated to dryness at 100 °C and the residue weighed. In 

addition, the extraction of grease from 15 mL sample with same solvents (40 mL, 1:1) using 

separatory funnel was tested.  

Other tested method was extraction with hexane, which was done according to the method 

published by Klemx et al. (2021). First, pH of the sample (15 mL) was adjusted to 2 by HCl 

followed by addition of 20 mL of hexane to the sample tube. The tubes were shaken, 

centrifuged (1360 g, 4 minutes) and aliquot of upper phase evaporated to dryness at 100 °C. 

The residue left after 2 hours was weighed. This method was also tried using separatory 

funnel from 15 mL sample with 30 mL of hexane. All extractions were conducted using 

parallel samples.  

 

6.4.5 Infrared (IR) analysis of wool and membrane samples 

A Perkin-Elmer Frontier spectrometer (2000 FTIR, Perkin-Elmer, MA, USA) equipped with 

a diamond crystal was used to analyse IR spectrum (400–4000 cm-1) from the selected wool 
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fibre and membrane samples. Spectra were achieved using the attenuated total reflectance 

(ATR) mode. The resolution was 4 cm-1 and the resulting spectra were ATR and baseline 

corrected. Four spectra were measured for each wool sample (unwashed, washed with water 

and washed with permeate) and five for each membrane sample (the reference membrane, 

which was the unused RC70PP membrane and the used RC70PP membranes). 

 

6.5 Centrifugation experiments and solids content analysis of prerinsing samples 

The capability of centrifugation to purify prerinsing solutions (steps 1 and 2 in scouring 

process, see 6.2) was investigated by using samples collected through the sieve (250 µm) 

(washing time 1 in Table 5) and samples collected without sieving (washing time 3 in Table 

5). All four samples were centrifuged at 3 500 rpm for 60 minutes. pH, conductivity and 

turbidity measurements were done both before and after the centrifugation. In addition, 

colour was analysed for the samples collected without sieving both before and after the 

centrifugation. 

 

Solids content was measured from the solutions collected without sieving before 

centrifugation. This analysis was done by drying a certain volume of the solution at oven 

(100 °C) for approximately 24 hours. The dried samples were weighed after cooling to room 

temperature and solid content calculated as mg/L. Duplicate samples were analysed for each 

solution. The same method was used to analyse solid content of the effluent 3. 
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6.6 Calculations of flux, mass reduction factor and rejection 

The permeate flux (J) as the amount of permeate obtained in an hour with 1 m2 membrane 

area was calculated using Equation (2). 

𝐽 =  
𝑉𝑝

𝐴∗𝑡
   (2) 

 

where J permeate flux  L/(m2h) 

 Vp collected permeate volume  L 

 A effective filtration area  m2 

 t elapsed filtration time  h 

 

Mass reduction factor (MRF) describing the amount of concentration occurred in filtration 

was calculated by Equation (3). 

 

𝑀𝑅𝐹 =
𝑚𝑓

𝑚𝑓−𝑚𝑝
    (3) 

 

where MRF mas reduction factor  - 

 mf mass of the feed  kg 

 mp mass of the permeate  kg 

 

  



67 
 

Rejection (R) describes how much an analyte (or for example colour) is removed from the 

permeate phase during filtration in comparison to original feed. Rejection was calculated 

using Equation (4). 

𝑅 =  
𝑐𝑓𝑒𝑒𝑑− 𝑐𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

𝑐𝑓𝑒𝑒𝑑
∗ 100 %     (4) 

 

where R rejection   % 

 cf concentration in feed  e.g. mg/L1 

 cp concentration in permeate  e.g. mg/L1 

1 unit depending on analyte/measurement 
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7 Results  

7.1 Characterization of the wool scouring effluents 

The measured pH, conductivity, turbidity, COD and colour values for the wool scouring 

effluents produced during this study are presented in the Table 7.  In addition, solid content 

was analysed from effluent 3 (more information in Table 5) and it was 2 425 mg/L. While 

the diluted detergent was slightly alkaline (pH 8.8), the wool scouring effluents were neutral. 

The conductivity of the effluents was significantly higher (180–305 µS/cm) than 

conductivity of the diluted detergent (34 µS/cm) or tap water (105 µS/cm). It is expected 

that increase in conductivity is caused by suint as one aim of wool scouring is removal of 

suint from wool (Allafi et al., 2021). Visually wool scouring effluents were brownish and 

the measured colour values were manifold (in average 6 620 APHA units) compared to 

colour of tap water (8 APHA units). 

 

Although same wool batch was used in all the washing experiments, small differences in 

conductivity, turbidity and colour values were seen between the effluents from different 

washing experiments (see Table 7). The main reason for the differences is probably the 

variation in temperature of prerinsing water, as the water temperature was adjusted precisely 

only in the main washing step. In addition, volume of prerinsing water and the mixing during 

scouring were not standardised. All results presented in Table 7 are not fully comparable as 

effluent samples 3 and 4 (Table 5) were taken from the feed tank after filtration was started 

and they may have contained some excess water from the pipes of filtration system.  In 

addition to these combined samples, conductivity and turbidity were analysed separately also 

for sub batches of the washing experiments 3 and 4. These results varied from 180 µS/cm to 

293 µS/cm and from 1450 NTU to 2410 NTU, respectively.  
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Table 7:  pH, conductivity, turbidity, COD and colour results for wool scouring effluents. 

Effluents were acquired from washing experiments 1–4 in which the ratio of wool, detergent 

and water was constant but the amount of wool varied (Table 5). 

 

Effluent pH 
Conductivity 

(µS/cm) 

Turbidity 

(NTU) 
COD (mg/L) 

Colour 

(APHA units) 

1 6.9 180 1 670 7 000 NA 

2 7.1 269 1 350 8 000 5400 

3* 6.8 305 1 630 4 000 7320 

4* 6.9 219 1 780 4 700 7140 

* Samples taken from feed tank including also some excess water from the filtration system, NA = not analysed 

 

The comparison of the results to previously reported ones is challenging as used wool, 

detergent, scouring conditions and used analytical method are having great impact to the 

results (Bisschops and Spanjers, 2003). In addition, earlier characterization has been mainly 

limited to COD, TOC and grease contents, from which only COD was analysed in this study. 

Previously reported COD values for the wool scouring effluent vary a lot, from 2 400 mg/L 

(Turpie et al., 1992) to 45 000 mg/L (Poole, 2004) and the result of this study (4 000–8 000 

mg/L) fits well to this wide range. The same applies to the solid contents, to which the result 

of this study (2 425 mg/L) is comparable to the result of Turpie et al. (1992) (2 366 mg/L) 

although Labanda and Llorens (2008) have reported higher content (19 160 mg/L). While 

the effluent in the study of Labanda and Llorens (2008) originates from lab-scale washing 

of merino wool conducted at 50 °C using non-ionic surfactant, Turpie et al. (1992) have 

analysed effluent from wool factory of which scouring conditions are not known. Turpie et 

al. (1992) have reported also pH, turbidity and conductivity values for the wool scouring 

effluent, from which pH (8.4 compared to 6.9) and conductivity (1 100 µS/cm compared 243 

µS/cm) were higher and turbidity (679 NTU compared to 1 500 NTU) lower than in this 

study. The main reasons behind differences are probably the used detergent and scouring 

temperature.  
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7.2 Ultrafiltration experiments with the wool scouring effluents 

7.2.1 Comparison of the filtration membranes 

The efficacy of different membranes in purifying the wool scouring effluents were compared 

by doing small scale filtrations. After one filtration had been done with each Ultracel 

membrane (1, 3 and 5 kDa) (experiments I–III in Table 6), the error in functioning of 

pressure gauge was noticed. It was estimated that real pressure in these experiments has been 

about 50 % of the aimed pressure of 5 bar, i.e. approximately 2.5 bar. However, these first 

experiments showed that high enough reduction in turbidity and visual colour (Figure 9) was 

achieved by using the 3 and 5 kDa membranes. As filtration capacity of the 1 kDa membrane 

was significantly lower than of the 3 and 5 kDa membranes, no further filtrations were 

conducted using the 1 kDa membrane. The results from the filtrations conducted with 

defective pressure gauge are presented in Appendix 1.  

 

 

Figure 9. Feed (left), permeate (in the middle) and retentate (right) from the filtration 

conducted at 40 °C, 250 rpm, 3 bar and using the Ultracel 5 kDa membrane.  

 

The comparison of the membranes was continued after pressure gauge was replaced with a 

new one. In addition to the 3 and 5 kDa Ultracel membranes, the RC70PP membrane was 

included in this second test set (experiments IV–VII in Table 6). The filtration conditions 

were kept the same than in the first set (temperature of the feed as 40 °C and stirring 250 rpm) 
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but the filtration pressure was only 3 bar. Permeate fluxes as function of MRF in these 

filtrations are presented in Figure 10. All the filtrations were stopped after the volume of 

permeate was 120 mL (i.e. MRF 1.65). The flux obtained with the 5 kDa Ultracel membrane 

was as expected higher than with more tight membrane, the 3 kDa Ultracel. However, the 

flux of the RC70PP membrane, which has the largest MWCO value (10 kDa), was 

surprisingly about same than the flux of the 3 kDa Ultracel membrane. The applied pressure 

(3 bar) may have been too high for the RC70PP membrane and next experiments were 

conducted using lower filtration pressure. 

 

 

Figure 10. Permeate fluxes as function of MRF for the Amicon dead-end filtrations at 40 °C, 

3 bar and 250 rpm. The initial feed volume was 300 mL and the used effluent 1 (experiment 

IV) or 2 (experiments V–VII). More information about the effluents in Table 5 and about 

the filtration experiments in Table 6. 

 

As mentioned above, filtration experiments were continued with the RC70PP membrane at 

lower filtration pressure (1 bar) than in previous experiments (3 bar). The increase in the 

flux as kg/m2h was about 30 % as shown in Figure 11 and the filtration capacity remained 

same until the aimed MRF (1.65) was achieved. Although according to manufacturer the 

RC70PP membrane can be operated even at 10 bar pressure, in this application permeability 

was significantly lower with higher pressure; average permeability was 38 kg/m2bar at 1 bar 

and 10 kg/m2bar at 3 bar. The higher pressure caused probably more tight concentration 

polarization layer on the membrane surface than lower pressure which was seen as decreased 
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filtration capacity. In addition to decreasing pressure, concentration polarisation can be 

mitigated by increasing the temperature or the velocity of the feed or by decreasing the 

effluent concentration, but their impacts were not studied in this study. (Mulder, 1996; 

Cassano and Conidi, 2013). 

 

 

Figure 11. Permeate fluxes as function of MRF for the small scale dead-end Amicon 

filtrations at 40 °C and 250 rpm using the RC70PP membrane. Initial feed volume was 300 

mL and the used effluent 1 (experiment IV) or 2 (experiments V–VII). More information 

about the effluents in Table 5 and about the filtration experiments in Table 6. 

 

The permeate flux decreased rapidly at the beginning of filtration in all experiments (Figure 

10 and Figure 11) and the highest decrease was observed when the RC70PP membrane was 

used, even 16 % of the filtration capacity was lost during the first minutes of filtration. After 

that flux remained stable until the end of the filtration experiment and no signs about 

decrease in filtration capacity were seen. This can be explained with the concentration 

polarisation phenomenon.  When filtrating with the dead-end mode, the feed flow is 

perpendicular to the membrane surface causing concentration of the solutes on the 

membrane surface to increase at the beginning of the filtration. Due this the osmotic pressure 

increases resulting to smaller difference between transmembrane pressure and osmotic 

pressure and further decrease in the flux. However, soon continuous feed of the solutes 

towards membrane establishes concentration gradient between the membrane surface and 

the feed causing a diffusive back-transport of the solutes back to feed. When steady state is 
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achieved the flux is not anymore decreased whereas filtration capacity remains same. 

(Cassano and Conidi, 2013).  

 

As measured water permeabilities were similar before and after filtrations (Figure 12), it can 

be stated that no significant fouling happened in the experiments IV–VIII conducted with 

the Amicon dead-end filtration cell (detailed information in Table 6). However, as expected, 

less tight Ultracel membranes (the 3 and 5 kDa) had significantly smaller PWPs than the 

more open RC70PP membrane. The measured PWPs for all membranes were about 30 % 

smaller than values reported by manufacturers (Alfa Laval, 2022; Millipore, 2022). The 

increase in pure water flux as function of pressure was linear.  

 

 

Figure 12. Pure water permeabilities before and after filtrations in the experiments IV–VIII 

conducted with the Amicon dead-end filtration cell with the 3 kDa Ultracel, 5 kDa Ultracel 

and the RC70PP membranes. The used pressures are described in Table 6. 

 

7.2.2 Further testing of the RC70PP membrane with dead-end and crossflow filtrations 

After the second set of filtrations, the RC70PP was selected to further experiments, as its 

filtration capacity and purification efficacy was at least the same than with the Ultracel 

membranes requiring higher filtration pressure. In addition, no signs about fouling were 

observed. Further testing of the RC70PP membrane was done by conducting two filtrations 
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with the Amicon dead-end filtration cell and two with the crossflow filtration system. 

Although these filtrations were continued until the volume of the permeate was at least 80 

% of the feed (i.e. MRF at least 5), no decrease in PWP measured after the filtration was 

seen (Figure 13) in either filtration mode whereas PWPs were higher after the filtration (72 

kg/m2hbar in average) than before (61 kg/m2hbar in average). Especially high increase 

(almost 30 %) was seen at the first filtration with the crossflow filtration system. It is possible 

that detergent’s ionic surfactants absorbed to the membrane surface and have an impact to 

water permeability but no evidence about changes in the membrane surface was not found 

by IR analysis (see 7.2.4). 

 

  

Figure 13. Pure water permeabilities (PWP) before and after filtrations in the experiments 

IX–XII with the RC70PP membrane. The experiments IX and X were done in small scale 

with the Amicon dead-end cell and the experiments XI and XII in larger scale with the 

crossflow filtration unit. PWP was measured at 0.5 (0.7 in crossflow), 1 and 1.5 bar. 

 

Both PWP and permeate flux were higher in larger scale crossflow filtrations than in small 

scale Amicon dead-end filtrations. While difference in PWP was moderate (67 kg/m2hbar to 

61 kg/m2hbar), the permeate flux was three times higher as presented in Figure 14. The 

difference in the flux can be explained by turbulent conditions of the crossflow system in 

larger scale filtration which increased the transport of the rejected particles back to the feed 

flow. Although the feed was mixed also in the dead-end filtration unit with rate of 250 rpm 

(about 2 m/s), the motion of the feed over membrane was not sufficient to break the formed 
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concentration polarisation layer and the flux remained on lower level (Mulder, 1996; 

Cassano and Conidi, 2013).  

 

Figure 14. Permeate flux as function of MRF for filtrations conducted with the RC70PP 

membrane at 40 °C and 1 bar. Experiments IX and X were carried out at small scale by the 

Amicon dead-end filtration unit and experiments XI and XII in larger scale by the crossflow 

filtration system. MRF 1 is the starting point, where volume of feed was 300 mL or 10 L 

depending on the filtration unit. 

 

Besides the difference in the permeate flux in general, also the role of concentration 

polarisation at the beginning of the filtrations was different which is seen from the shapes of 

the curves in Figure 14. While clear decrease of the flux was observed at the beginning of 

the filtrations conducted with the dead-end filtration unit, the same behaviour was not seen 

in the filtration experiments XI and XII conducted with the crossflow filtration unit. This is 

most probably due to tangential flow of the feed to the membrane surface in the crossflow 

mode, which decreases the impact of concentration polarisation. As opposite to the dead-

end mode, the rejected particles form only relatively thin cake layer as tangential flow 

transport them towards the filter exit. (Cassano and Conidi, 2013). 

 

7.2.3 Filtration capacity of the RC70PP membrane 

As mentioned earlier considerable decrease in the permeate flux was observed especially 

with the RC70PP membrane at the beginning of filtration in all experiments conducted with 
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dead-end filtration unit (Figure 10, Figure 11 and Figure 14). As explained earlier the main 

reason behind this behaviour is probably the concentration polarisation effect. Another 

explanation could be pore-blocking, i.e. penetration of some compounds into the pores of 

membrane, which is more typical in dead-end filtrations than in crossflow filtration due to 

different feed flow. (Mulder, 1996; Cassano and Conidi, 2013). However, the similar PWPs 

before and after filtrations exclude this explanation here. Whereas, due to difference between 

repeated experiments using the RC70PP membrane and filtration pressure of 3 bar (Figure 

10), minor impact of measurement error at the start of filtrations can’t be totally omitted.  

 

The permeate flux was quite stable until the filtrations were discontinued in all the conducted 

experiments apart from the decrease at the beginning of the dead-end filtrations. This and 

identical PWPs before and after filtrations indicate that the RC70PP membrane retains its 

filtration capacity without tendency to fouling in the studied conditions. However, more 

studies should be conducted to verify that the same remains in long-term and in continuous 

use of the same membrane as filtrations were done only in batch mode in this study. 

 

According to previous studies, significant decrease in permeate flux has been seed when 

using the same membrane continuously to treat wool scouring effluents. For example, 

Bilstad et al. (1994) reported fouling to be significant problem although membrane was 

cleaned chemically daily. Similarly, Turpie et al. (1992) developed automated membrane 

cleaning system to diminish harms caused by fouling. Although the use of anaerobic digester 

before filtration improved filtration permeability in the study of Hogetsu et al. (1992), 

different cleaning was still needed to retain filtration capacity. 

 

The main difference between this and earlier studies is the membrane material. Previously 

hydrophobic polyethersulphone membrane by Bilstad et al. (1994) and polyacrylonitrile 

membrane by Hogetsu et al. (1992) or ceramic hydrous zirconium oxide membrane by 

Turpie et al. (1992) have been used, whereas in this study hydrophilic membranes made of 

regenerated cellulose (the Ultracel discs) or regenerated cellulose acetate (the RC70PP) were 

tested. Generally hydrophilic membranes are known to have less tendency to fouling, than 

hydrophobic membranes (Delphos, 2016). The filtration results of this study demonstrated 



77 
 

this as no fouling was seen when wool scouring effluent was treated with the hydrophilic 

membranes.   

 

Thus, it could be stated that hydrophilic, cellulosic membranes are more suitable to treat 

wool scouring effluents than hydrophobic membranes used in previous studies. Although 

cellulosic membranes are having limited pH and temperature tolerance (Cassano and Conidi, 

2013), this was not causing any issue here as pH of the wool scouring effluent was neutral 

and no higher filtration temperature than 40 °C was needed. However, it should be noticed 

that pH of the detergents and temperatures used in wool scouring varies and in certain cases 

hydrophobic membranes with better pH and temperature tolerance than cellulosic 

membranes may be preferable choice. According to Delphos (2016) high and stable fluxes 

can be obtained also with ceramic membranes if efficient cleaning procedures are used, and 

this was also shown by Turpie et al. (1992). The disadvantage of ceramic membranes is their 

higher price compared to polymeric membranes although nowadays they can be obtained 

also with reasonable price (Barredos-Damas et al., 2012). 

 

In addition to suitable membrane selection, a mild scouring method used in this study may 

have had an impact on low fouling tendency also. The high COD and grease contents are 

main reasons for challenges in treating wool scouring effluents and in this study COD and 

grease contents were lower than previously reported (Lapsirikul et al., 1994; Poole, 2004). 

However, it should be noted that due to analytical difficulties (see 7.3.4) grease content of 

the effluent filtrated in this study is not very well known, but the aim was to remove as little 

grease as possible from the wool. COD content of the effluent was below 10 000 mg/L while 

almost five times higher values have been reported in previous studies (Poole, 2004) 

indicating that the effluent was relatively easy to treat.  

 

7.2.4 Infrared spectroscopic analysis of used membranes 

Visually, no signs of fouling were observed in any of the used membranes, but it was possible 

that some ionic surfactants from the detergent were absorbed by membrane surface. IR 
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analysis was conducted to find out if this has happened or not. However, IR spectra of the 

unused reference membrane and the used RC70PP membranes were very similar as Figure 

15 shows, although intensity of almost all peaks were higher in the used membrane spectrum 

compared to the unused reference membrane. 

 

 

Figure 15. IR spectra of skin layer of the unused reference membrane and the used RC70PP 

membrane from experiment XI (= crossflow filtration). 

 

Additional comparison was done between the RC70PP membranes used in different 

filtration conditions. According to IR spectra presented in Figure 16 concentrating the feed 

more (MRF 1.65, 5 or 5.6) or the used filtration equipment (the Amicon dead-end cell or the 

crossflow filtration unit) has no impact how membrane surface changed. However, the 

interpretation of IR spectra in this study was very limited.  
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Figure 16. IR spectra of the used RC70PP membrane samples containing skin layer and 

supporting material from the filtration experiments conducted with the Amicon dead-end 

filtration cell (VIII and IX) and with the crossflow filtration unit (experiment XI).  

 

Due to different sampling techniques used prior to the measurement of spectra in Figure 15 

and Figure 16 can’t be compared. Spectra shown in Figure 15 are from skin layer of the 

membrane whereas spectra shown in Figure 16 were measured from the membrane samples 

containing both skin layer and support material.  

 

7.3 Analytical results for permeates and retentates 

The highest pH values were measured for permeates (7.6 in average) and pH of the retentates 

(7.2 in average) was also higher than pH of the feed (7.0 in average). The used filtration 

membrane was not affecting pH of permeates and retentates. The conductivity of the 

permeate was always lower (in average 215 µS/cm) than the conductivity of the 

corresponding feed (in average 240 µS/cm) and respectively the conductivity of the retentate 

was higher (in average 350 µS/cm). This finding was opposite to the expected as generally 

charged salts are assumed to pass the ultrafiltration membrane to permeate. However, the 

origin of the salts in wool scouring effluent is the suint in which salts are bound to organic 

acids (Allafi et al., 2021) and these complexes are retained by the membrane. As the used 

detergent has lower conductivity than tap water (34 µS/cm compared to 105 µS/cm), the 
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ingredients of the detergent retained by the membrane can’t explain higher conductivity of 

the retentate than the feed. The pH and conductivity results are presented in Appendix 2.  

 

7.3.1 Purification efficacy of filtrations 

As shown in Table 8 the rejection of turbidity, COD and colour was always over 90 % 

regardless of the used membrane. The impact of MRF and the used filtration system was 

also minor. The removal efficiency of COD (93–98.5 %) in this study was the same or better 

than in the previous reported studies using different purification techniques (Table 4). The 

COD concentration of the permeate was 180–190 mg/L after the crossflow filtration with 

the RC70PP membrane. In addition, the reduction of the turbidity was at same level (99 % 

or over) than reported by Turpie et al. (1992). Earlier information about colour reduction 

was not found. 

 

Table 8: Turbidity, COD and colour rejections in the permeates from the filtration 

experiments IV–XII. The experiments IV–XI were conducted with the dead-end filtration 

unit and experiments XI and XII with the crossflow system. The temperature of the feed was 

40 °C in all experiments.   

Experiment Membrane  Effluent Filtration 

pressure 
MRF Turbidity COD Colour 

VI 
Ultracel 3 

kDa 
2  3 bar 1.65 100 % 94 %* 98.6 % 

VII 
Ultracel 5 

kDa 
2 3 bar 1.65 99.9 % 94 %* 98.8 % 

IV RC70PP 1 3 bar 1.65 99.9 % 93 % NA 

V RC70PP 2 3 bar 1.65 99.5 % 94 % NA 

VIII RC70PP 2 1 bar 1.65 100 % 98.5 % 98.5 % 

IX RC70PP 2 1 bar 5 99.8 % 96.4 % 98.4 % 

X RC70PP 2 1 bar 5 99.3 % NA 96.5 % 

XI RC70PP 3 1 bar 5.6 100 % 95.5 % 98.9 % 

XII RC70PP 4 1 bar 5.6 100 % 96.0 % 98.6 % 

*Sample diluted too much, minimum rejection calculated from detection limit, NA = not analysed 
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The measured turbidity and colour values supported the visual observations made from the 

permeates. The apparent colour of permeates was mostly below 100 mg/L as APHA units 

which is more than value of colourless natural water (5–15 mgPt/L) but less than value of 

some lakewaters (100–200 mgPt/L) (Oravainen, 1999). Visually permeates were almost 

colourless when compared to retentates as shown in Figure 9 and Figure 17. The turbidity 

of all permeates in this study was below 10 NTU and after crossflow filtrations below 

1 NTU, which is according to WHO (2017) limit value for crystal-clear water. In addition, 

Bersinger et al. (2015) have shown that low turbidity to correlate with small amount of solid 

particles. As the low solid content is critical for recycling of the permeate, low turbidity of 

the retentate is an excellent result. Thus, it can be concluded based on visual, turbidity and 

colour analysis that permeates fill criteria set for recycling of permeate back to wool scouring 

process (Matikainen, 2022). 

 

 

Figure 17. Retentates (left) and permeates (right) from the crossflow filtrations (9.3 = 

experiment XI and 14.3 = experiment XII).  

 

It should be noted that the measured colour values did not always correlate with visual 

colour. For example, the permeates shown in Figure 17 had approximately same colour value 

(81 and 100 APHA units) but visually darker retentate had lower value (28 500 APHA units) 

than the other retentate (38 880 APHA units). The possible explanation for this is that certain 

hues are more dominant in used wavelength, 455 nm, than others (Kubínová and Kyncl, 

2021). Hongve and Åkesson (1996) have also found differences in colour values measured 

by spectrophotometric methods using various wavelengths.  
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7.3.2 Concentrating effect of turbidity, COD and colour during filtration 

The concentrating effect was studied by analysing turbidity, COD and colour of retentate 

samples collected during the study at different MRF points. The increase in turbidity of 

retentates was approximately linear when filtration was continued up to MRF 5.6 in 

crossflow filtrations as shown in Figure 18. When using the dead-end filtration unit, the 

turbidity of the retentates was similar than in crossflow filtrations in corresponding MRF 

point (Figure 19).  

 

Figure 18. Turbidity of the retentates as function of MRF for the filtrations conducted at 

40 °C and 1 bar with the RC70PP membrane. For the crossflow experiments turbidity values 

are presented from the beginning (MRF 1) until the end (MRF 5.6), whereas for the Amicon 

dead-end experiments only final value is presented (MRF 1.65/ 5).  

 

Retentates were concentrated with COD at the end of crossflow filtrations slightly more 

(28 125 mg/L in average) than estimated based on volume reduction (24 360 mg/L).  

According to continuous sampling the increase in COD concentrations was about linear as 

can be seen in Figure 19. When using the Amicon dead-end filtration unit, the retentates 

were less concentrated with COD than corresponding volume reduction although some 

differences between tested membranes existed. However, too extensive dilution of samples 

may have caused analytical error to some COD results. 
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Figure 19. COD concentrations of the retentates as function of MRF. The filtration pressure 

was 1 bar (the RC70PP) or 3 bar (the Ultracel membranes). For the crossflow experiments 

COD concentrations are presented for different MRF points, whereas for the Amicon dead-

end experiments only final concentration is presented. Black dot expresses the COD 

concentration of the feed (effluent 2) used in the Amicon filtrations.  

 

Colour was concentrated on retentates in same ratio than volume reduced both in small- and 

largescale filtrations as shown in Figure 20.  While measured colour concentrations were 

very similar regardless of the used membrane with dead-end unit (the experiments VI–X in 

Figure 20),  variation was seen in increase of colour between repeated crossflow filtrations. 

The increase was more linear in the experiment XII than in XI, whereas visually the situation 

was opposite (Figure 17).  

 

 

Figure 20. Colour concentrations of the retentates as function of MRF. The filtration pressure 

was 1 bar (the RC70PP) or 3 bar (the Ultracel membranes). For the crossflow experiments 

colour concentrations are presented for different MRF points, whereas for the Amicon dead-

end experiments only final concentration is presented.  
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There is only limited data available about concentrating effect of membrane filtration for 

wool scouring effluent. In study of Labanda and Llorens (2008) TOC concentrations in 

permeates were constant from start to end whereas in retentates increase started when 

permeate volume was 50 % from the initial feed volume (MRF 2). Unfortunately, due to 

analytical limitations TOC concentrations could not be measured in this study but the 

changes in turbidity, COD and colour both in permeates and retentates in this study were 

consistent with the TOC results of Labanda and Llorens (2008).  

 

Currently there is no limit for COD in wastewater entered to public sewer. However, its 

monitoring is often requested in environmental permits of different industrial facilities 

(Finnish Water Utilities Association, 2018). COD and especially high COD/BOD ratio 

means that wastewater contains organic substances which degradation is challenging and 

thus COD rich wastewaters are harmful for environment (Poole et al., 1999). Thus, 

additional treatment after filtration is needed to the retentate fraction. However, filtration 

decreases the volume of wool scouring effluent even by 80 % mitigating the wastewater 

problem of wool scouring significantly. 

 

7.3.3 Ultraviolet (UV) analysis 

The purifying effect of the filtration was additionally shown by UV analysis conducted for 

feed, permeate and retentate samples. UV spectra (200–450 nm) of one crossflow filtration 

are shown as an example in Figure 21A, while Figure 21B shows how UV absorbances 

increases according to mass reduction factor. According to the UV measurements the 

membrane has hardly any effect to UV absorbances of permeates or retentates, some 

example spectra are presented in Figure 22.  However, the reason for the difference in 

absorbances between the retentates in Figure 21 and Figure 22 is both the used filtration unit 

and MRF of the filtration.   The observed reduction of absorbances via filtration was similar 

to the results of Turpie et al. (1992), who reported reduction to vary from 92 % to 96 % when 

absorbances were measured in range of 350–700 nm. 
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Figure 21. A. UV spectra of the feed, permeate and retenate from the filtration experiment 

XI. B.  UV spectra for the different MRF points from the same filtration. Experiment XI was 

done with the crossflow filtration system using the RC70PP membrane, at 40 °C, 1 bar and 

with crossflow velocity of 3 m/s. The used feed was wool scouring effluent 3. 

 

 

 

Figure 22. UV spectra from the filtrations made with the Amicon dead-end filtration unit 

using different membranes until MRF was 1.65. A. Retentates and the used feed (effluent 

2). B. Permeates from the same filtrations. Filtration conditions are described in Table 6.  
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According to van den Broeke (2007) UV adsorption spectrum can be referred as fingerprint 

for wastewater providing information for example about turbidity, colour and COD 

concentrations. van den Broeke (2007) has shown that COD increases UV absorbance 

between wavelengths 250 and 380 nm, colour at 380 and 450 nm and turbidity from 450 nm 

to 750 nm. The correlations are shown in the example of van den Broeke (2007) in Figure 

23. 

 

 

Figure 23.  Correlation between UV-VIS spectrum and selected parameters used in 

monitoring of water quality (adapted from van den Broeke, 2007). 

 

If information obtained from UV spectra is combined with turbidity, COD and colour results 

in this study, fingerprints of feed, permeates and retentates are very similar to the example 

of van den Broeke (2007) presented as Figure 23. Slight increase seen in the spectra obtained 

for permeate after filtration with the Ultracel 3 kDa membrane between 250–300 nm (Figure 

22B) could indicate higher COD concentration in this retentate than in other ones. 

Unfortunately, due to dilution error made in COD analyses, this could not be confirmed by 

COD concentrations of the same samples. 
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7.3.4 Grease extraction 

Extraction of wool grease from the samples of this study was quite challenging although 

both tested methods were used previously (Poole and Cord-Ruwish, 2004; Klemx et al. 

2021). One reason for difficulties could be the used wool scouring method of which aim was 

to remove as less grease from wool as possible resulting relatively low grease concentrations 

in the effluents. Whereas from analytical point of view the main challenge especially when 

using separatory funnels was formed emulsion, which made separation of phases 

challenging. Different tricks, like adding of ethanol or centrifugation of the sample before 

adding extraction solvent, were tried to break the emulsion but no good solution was found 

within available time. Formation of emulsion was avoided when shaking was very careful 

but it decreased extraction efficiency significantly. Due to listed problems variation between 

parallel samples was huge and results can’t be considered very reliable. 

 

However, some grease concentrations are presented in Table 9. These results are from the 

analyses, which were done in centrifugation tubes using trichloroethane-ethanol (1:1) as 

extraction solvent. Although these values can’t be regarded as absolute values for grease 

content of the samples, they provide additional support about purifying effect of membrane 

filtration. Based on this data grease concentrates to the retentate approximately in same ratio 

than volume is reduced.  The analysed grease concentration in permeates was too low to be 

reported but was estimated to be same order of magnitude than reported by Labanda and 

Llorens (2008) (26 mg/L). In that study grease content of retentate after combined treatment 

with coagulation-flocculation and ultrafiltration was 5 066 mg/L and total reduction from 

effluent to permeate 99 %.  

 

Table 9: Wool grease concentrations of the selected samples. 

Sample Mebrane Effluent MRF 
Grease (mg/L) 

(average + SD) 

Wool scouring effluent  - 2 - 805 + 21 

Retentate (experiment IV) RC70PP 1 1.65 1 600 + 99 

Retentate (experiment V) RC70PP 2 1.65 1 185 + 92 
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7.3.5 Gas chromatography analysis of sterols and steryl esters 

One aim of this study was to explore if the filtration concentrates any valuable compound to 

retentate. Grease analysis (7.3.4) showed that filtration with the RC70PP membrane 

concentrates wool grease to retentate. In addition, it is known that wool grease is complex 

mixture of lipidic compounds, like esters and sterols (Jover et al., 2002). Based on the above 

mentioned information and available analytical options, gas chromatographic analysis able 

to identify sterols and steryl esters was selected as a method for this part.  

 

As expected, different lipidic compounds were identified both from the wool scouring 

effluent and the retentate by gas chromatographic analysis but due to analytical limitations 

of the used method only sterols and steryl esters could be quantified preciously enough. The 

results showed the concentrating impact of filtration; the increase in sterol amounts was five 

times and in steryl esters three times when the mass reduction was 5.6 times. As neither 

extraction method nor chromatographic conditions were optimized for these samples, these 

figures are only estimates and no concentration results are presented. No sterol or steryl ester 

peaks were seen in the chromatograms of the permeates, although it can’t be stated that 

permeates are totally free from these compounds. The example chromatograms are presented 

in Appendix 3.  

 

It should be noticed that sterols and steryl esters are not as free compounds in wool scouring 

effluent whereas they are part of the grease fraction having high complexity. Thus, their 

retention regardless of their smaller molecular weights than cut-off value of the RC70PP 

membrane (10 kDa) is possible. It is known that either hydrolysis, solvent extraction or 

supercritical fluid extraction are needed to separate sterols and steryl esters from the wool 

grease matrix (Jover et al., 2002; López-Mesas et al., 2005). Domínguez et al. (2010) has 

also shown that extraction method has an impact which compound group dominates. Thus, 

it could be expected that by optimizing the extraction method sterols and steryl esters could 

be quantified more precisely and also recovered in significant amounts from the retentate 

formed by filtration of wool scouring effluent. Especially sterol fraction is valuable fraction, 
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which could be utilized further for example as raw material for vitamin D supplements 

(Holic, 2005). 

 

7.4 Impact of centrifugation to prerinsing solutions 

As prerinsing steps in wool scouring is also consuming huge volumes of water, some 

experiments were conducted to find out if these solutions could be purified enough for reuse 

only by centrifugation. pH of these prerinsing solutions was slightly below 7, conductivity 

629 µS/cm (solution 1) and 150 µS/cm (solution 2) and solid contents 3 650 mg/l and 

610 mg/L, respectively.  

 

The turbidity of these prerinsing solutions were highly dependent on that if the samples were 

collected through the sieve or not, as the turbidity values were about triple when collected 

without sieve (the results are presented in Appendix 4). Respectively to the conductivity, the 

first prerinsing solutions were more turbid than the second solutions. The centrifugation 

decreased the turbidity of all the prerinsing solutions by 65–87 %. Respectively, the apparent 

colour was 44–59 % smaller after centrifugation, while centrifugation has, however, no 

effect to pH or conductivity of these solutions. Based on decrease in turbidity and colour, it 

is estimated that prerinsing waters could be recycled in wool scouring process after 

centrifugation.  

 

7.5 Recycling of water in scouring process 

As final step of this study sheep wool was washed using permeates from both crossflow 

filtrations conducted with the RC70PP membrane. From the analyses conducted, the 

conductivity analysis was the most interesting. The conductivity of washing solvent 

increased regardless if washing was done with water or permeate. However, the increase was 

only 29 % in permeate scouring whereas conductivity was doubled in water scouring.  The 

results of other analysis were similar to water scouring as pH remained about same and 

turbidity of the produced effluent was in same level than after water scouring. 
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It is known that scouring removes suint from wool and that suint are having detergent 

properties (Allafi et al., 2021). For example, Turpie et al. (1992) have reported that the 

recycling of permeate in scouring process decreased the use of soda-ash by approximately 

40 %. They reported also that wool maintained its quality when scouring was done with 

permeate having conductivity of 604 µS/cm which is almost three times higher than in this 

study (236 µS/cm). If it could be shown that high conductivity does not disturb wool 

scouring and in the best case decreases the need for detergent, the filtration conditions which 

do not reduce conductivity of the permeate much would be preferable. In this study the 

filtration with hydrophilic membrane reduced the conductivity of the permeate only by 14 % 

whereas ceramic membrane (hydrous zirconium oxide) used in the study of Turpie et al. 

(1992) reduced conductivity by 44 %. However, probably difference in the conductivity of 

the feed (1100 µS/cm compared to 244 µS/cm) has an impact to the rejection % in addition 

to membrane material. 

 

The highest conductivity value in this study was measured from the prerinsing solution 1 

(the step 1 in the scouring process described in paragraph 6.2), of which conductivity was 

629 µS/cm. As this solution contained no detergent, it can be assumed that suint can be 

removed from wool easily only by rinsing with water. However, it would be interesting to 

study what would happen if the prerinsing solution 1 is recycled back to scouring process. 

For example, it is not known how well suint content of washing solution helps in removing 

other contaminants, like grease, from wool. 

 

Additional support about the suitability of the permeate to wool scouring was achieved by 

IR analysis, as no significant differences were seen in the spectra of unwashed or washed 

wools (Figure 24). However, the presented spectra can be regarded only as preliminary 

indication that using permeate in wool scouring do not have impact to wool quality. It should 

be noticed that no difference is seen between unwashed wool and the wool washed either. 

The intensities can’t be compared due to the limitations of the measurements. 
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Figure 24. IR spectra of unwashed wool and wool washed either with water or filtration 

permeate. 

 

Although the small experiment conducted in this study did not find any hinders to use the 

permeate in wool scouring, this must be explored more. Further processing of wool fibre and 

evaluation the quality of wool yarn would be essential when doing this evaluation. In 

addition, it should be explored how conductivity concentrates when water is recycled over 

and over in scouring-filtration chain and further what is the impact of possible higher 

conductivity. However, membrane technology will offer significant benefits to wool mills 

only if the permeate can be recycled back to process and tap water saved. Thus, the aim of 

further studies should be finding the filtration conditions making recycling possible in the 

long-term use.  

 

7.6 Proposal for Finnish wool mills 

As this study showed that ultrafiltration purifies wool scouring effluent efficiently enough, 

this treatment could be recommended as an option for wastewater treatment for Finnish wool 

mills. Following proposal is based on average permeate flux measured in this study which 

was 100 kg/m2h. If wool mill will consume 10 m3 of water per hour, filtration of this amount 

would need membrane area of 100 m2. If the volume reduction will be approximately same 
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than in the crossflow filtrations of this study, approximately 8 m3 of permeate will be 

produced with the proposed membrane area per hour. If the permeate meets the criteria set 

by wool mill for scouring water and it is recycled back to scouring process even 80 % saving 

in the need of fresh water can be achieved.  

 

It is possible that smaller filtration capacity than 100 m2 will be sufficient. If the same 

scouring process is used than in this study, only minor part of water (approximately only 

20 %) is consumed in the main scouring step, where wool is washed with the detergent. 

Based on the preliminary data of this study centrifugation may be efficient enough to purify 

waters from the prerinsing steps, in which about 50 % of the total water amount is consumed. 

Whereas no studies were conducted herein with waters used to rinse the wool after the main 

scouring steps. As these waters may contain minor amounts of detergents, it is assumed that 

they need to be also filtrated along with the main wool scouring effluent meaning that wool 

mill will need at least 50 m2 filtration area.  

 

The most recommended filtration configuration would be spiral-wound membrane module 

in which flat sheet membrane is packaged efficiently in a convenient cylindrical form. 

Relatively large membrane per unit volume can be achieved with this configuration 

decreasing the needed floor space. Although commercial spiral modules are available in 

different sizes the most economical solution will be custom-made module. The membrane 

can be purchased in needed size as flat-sheet membrane and then packaged with spacers and 

permeate collection material inside to appropriate tube like sandwich as shown in Figure 25. 

One additional benefit of this configuration is that modules can be connected to series if 

more filtration capacity is needed. If an example wool mill would need to filtrate all water it 

consumes (10 m3 per hour), it would probably mean connecting at least 2 spiral modules in 

series to get needed membrane area of 100 m2 as commercial spiral modules usually have 

membrane areas from 3 to 60 m2. (Cassano and Conidi, 2013). 

 

According to Cassano and Conidi (2013) mechanical cleaning of spiral modules may be 

challenging and thus the removal of the solids before filtration is essential to prevent 

particles to clog the system. This can be done easily by sieving as in this study or by 
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centrifugation. Whereas, based on this study fouling should not be problem when filtrating 

wool scouring effluent and it is expected chemical cleaning of the membrane to be enough 

in long term use. In addition to pretreatment, the results of this study showed the significance 

of high enough crossflow in achieving good filtration capacity. According to Alfa Laval 

(2022b) crossflow of their commercial spiral modules can be increased by growing the outer 

diameter (OD) of the module and spacer thickness, for example by increasing OD from 3.8” 

to 6.3” while keeping spiral length unchanged will almost triple the maximum crossflow.  

 

 

 

Figure 25 Schematic view of spiral-wound membrane module (adapted from Cassano and 

Conidi, 2013). 

 

If the mill is operating 6 hours per day, the water amount consumed daily is 60 m3 from 

which at least 30 m3 should be filtrated. If the permeate flux per m2 and hour will be same 

than in this study, filtration of this water amount within same workday should be possible 

by 50 m2 membrane area. This schedule assumes that filtration capacity remains unchanged 

also in the long-term use. The filtration of wool scouring effluent can be conducted as batch 

based or continuous solution depending on how wool scouring process is organized. 

 

The selected membrane, the RC70PP, is commercially available as flat sheet in different 

sizes. The operational costs of the suggested filtration system are relatively low as needed 
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pressure is only 1 bar and temperature 40 °C which is about same than wool scouring 

temperature. If filtration is done on-line, no separate heating of the feed is needed and energy 

consumption of the filtration system will be low. 
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8 Conclusions 

The main objective of this study was to evaluate the suitability of hydrophilic ultrafiltration 

membranes for the treatment of wool scouring effluent. To find out how this would be 

possible the wool scouring effluent was filtrated using few hydrophilic cellulose-based 

membranes. According to the experiments conducted in small scale using the Amicon dead-

end filtration unit, all the tested membranes, i.e. the Ultracel UF Discs (1, 3 and 5 kDa) and 

the RC70PP (10 kDa), are suitable for filtration of wool scouring effluent. From these the 

RC70PP membrane was selected for further testing as the highest filtration capacity was 

achieved using this membrane at the lowest pressure. In addition, this membrane is 

commercially available in different sizes and is relatively inexpensive. Additional filtrations 

done both with Amicon dead-end and crossflow filtration units showed that the RC70PP 

membrane retains its filtration capacity also when filtration is continued until the volume of 

the feed is reduced by 80 %. In addition, no decrease was seen in pure water permeabilities 

measured after filtrations. Thus, it can be stated that the RC70PP membrane fills the 

requirements about low fouling tendency and cost-effective operation.  

 

Based on analyses, excellent reduction in harmful properties of wool scouring effluent was 

achieved, as turbidity, COD and colour were reduced at least 90 % by filtration. The turbidity 

of the permeate was below 1 NTU, colour below 100 APHA units and COD below 200 mg/L 

after the crossflow filtration with the RC70PP membrane. The measured UV spectra and 

visual observations also showed purification efficiency of the RC70PP membrane. In 

addition to these analytical results, the small experiment where wool was scoured using the 

permeate from the crossflow filtrations, gave positive impression about possibility to recycle 

the treated water back to the wool scouring process. Especially the colourless and clarity of 

the permeate were essential for its reuse.  

 

Furthermore, this study showed that turbidity, COD and colour concentrate on the retentate 

in same ratio than the volume of feed is reduced. Due to high COD concentration 

(approximately 28 000 mg/L) the retentate will need some additional treatment after 
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filtration before it can be entered to public sewer. One option is to use retentate as a source 

for some valuable component which could be used as raw material by chemical or 

pharmaceutical industry. Although only limited data could be produced about grease 

concentrations, these results indicates that filtration concentrates wool grease to retentate. In 

addition, preliminary evidence was achieved in this thesis that the grease fraction contains 

for example sterols and steryl esters, which are used widely by chemical industry. However, 

additional investigations are needed to find out if the grease content of the retentate is high 

enough to be utilized and how easily valuable compounds could be recovered from this 

fraction.  

 

Although the data presented here is promising and good crossflow filtration results were 

repeatable, the acquired data is limited to batch filtrations. Only continuous filtrations lasting 

days or even weeks could show how the RC70PP membrane can retain its filtration capacity 

in long use. As no fouling was seen in this study, cleaning options for this membrane were 

not investigated here. If fouling will become an issue in the long-term use, cleaning of the 

RC70PP membrane needs to be tested in further studies. Another issue not covered by this 

study is how for example COD concentrates into the treated water if it is recycled back to 

wool scouring process over and over. In addition, the quality of wool washed with permeate 

should be studied more carefully than in this study, and attention should be paid to behaviour 

of woold fibres when they are processes to wool yarn. 

 

This study proved that ultrafiltration with cellulose-based membranes is suitable treatment 

for wool scouring effluents. In crossflow filtration permeate flux as high as 98 kg/m2hbar 

was achieved meaning that with membrane area of one square meter the water amount 

consumed in scouring of one kilo of wool could be filtrated approximately in one hour. In 

addition, by using ultrafiltration wool mill could recycle even 80 % of the consumed water 

back to the scouring process and significantly decrease consumption of fresh water. 

Filtration of wool scouring effluent with the RC70PP membrane can thus be concluded to 

be promising solution for a wool mill to treat its wastewaters and decrease the environmental 

impacts. Additional, economical benefit can be achieved by recycling the permeate back to 

scouring process and utilizing the retentate as raw material for chemical industry.  
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APPENDICES 

APPENDIX 1: Results for filtration experiments I–III 

Filtration conditions according to Table 6. 

 

 

Experiment Membrane Turbidity (NTU) 

Feed Permeate Retentate 

I Ultracel 5 kDa 1 700 1 2 920 

II Ultracel 1 kDa 1 700 <1 3 070  

III Ultracel 3 kDa 1 700 1 3 060 

 

Experiment Membrane pH 

Feed Permeate Retentate 

I Ultracel 5 kDa 6.9 7.5 7.1 

II Ultracel 1 kDa 6.9 7.7 7.2 

III Ultracel 3 kDa 6.9 7.6 7.2 
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Experiment Membrane Conductivity results (µS/cm) 

Feed Permeate Retentate 

I Ultracel 5 kDa 180 

 

153 205 

II Ultracel 1 kDa 180 

 

154 201 

III Ultracel 3 kDa 180 

 

165 198 

 

Experiment Membrane COD (mg/L) 

Feed Permeate Retentate 

I Ultracel 5 kDa 7 000 ND 9 500 

II Ultracel 1 kDa NA NA NA 

III Ultracel 3 kDa 7 000 ND 21 000 

NA = not analysed, ND = not detected due to dilutions 



 

APPENDIX 2. pH and conductivity results 

Experiment Membrane pH 

Feed Permeate Retentate 

IV RC70PP 6.9 7.5 7.0 

V RC70PP 7.1 7.7 7.6 

VI Ultracel 3 kDa 7.1 7.7 7.4 

VII Ultracel 5 kDa 7.1 7.8 7.4 

VIII RC70PP 7.1 7.7 7.4 

IX RC70PP 7.1 7.7 7.4 

X RC70PP 7.1 6.9 6.8 

XI RC70PP 6.8 7.5 6.8 

XII RC70PP 6.9 7.4 7.1 

 

 

Experiment Membrane Conductivity results (µS/cm) 

 

Feed Permeate Retentate 

IV RC70PP 180 

 

151 208 

V RC70PP 269 160 349 

VI Ultracel 3 kDa 269 197 326 

VII Ultracel 5 kDa 269 205 329 

VIII RC70PP 269 234 305 

IX RC70PP 269 255 388 

X RC70PP 269 257 429 

XI RC70PP 305 268 558 

XII RC70PP 219 204 275 

 

  



 

Appendix 3. Example chromatograms from gas chromatography 
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Appendix 4. Results for prerinsing solutions 

Before centrifugation 

Solution pH Conductivity 

(µS/cm) 

Turbidity 

(NTU) 

Colour 

(APHA units) 

Prerinsing 1_W1 6.8 629 343 NA 

Prerinsing 1_W3 6.8 150 1248 NA 

Prerinsing 2_W1 NA NA 102 5130 

Prerinsing 2_W3 NA NA 300 2130 

W1 = washing time 1, W3 = washing time 3, NA = not analysed 

The effect of centrifugation  
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