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Abstract  

 
 
Food packages containing products such as fruit juices, coffee, snacks and spices need to 
have barriers that can prevent oxygen, aroma substances and grease to diffuse through 
the packages in order to maintain or extend a certain quality of the product. Today those 
barriers consist of aluminium and ethylene-vinyl alcohol (EVOH) plastics, based on 
petroleum. The prices for these materials are raising and the growing shortage of fossil 
fuels eager the needs for an alternative to existing barriers.  
 
It has been shown that hemicelluloses can be treated to form films with low permeability 
to oxygen, greases and aroma substances. Hemicelluloses are one of the must abundant 
biopolymers and can be isolated from for example annual plants. Isolation of 
hemicelluloses is preferably performed with alkali extraction, by recycling and reusing of 
alkali, the production process could be more cost effective and less burdensome for the 
environment. The alkali is separated from the hemicelluloses by ultrafiltration.  
 
The study was divided in two parts. The purpose of the first part was to examine how the 
oxygen permeability of the barrier was affected when alkali was recovered directly from 
an effluent waste stream from the ultrafiltration and with the addition of some fresh alkali 
reused for extraction in another batch. The second part of the study was dedicated to 
investigate how nanofiltration membranes could be used to recover pure alkali from the 
effluent stream. The membranes studied were NF97, NF99 and NF99HF, all three 
manufactured by Alfa Laval. By varying pressure, flow and temperature it was investigated 
which membrane that gave the highest fluxes through the membrane, the permeate 
fluxes, and highest concentrations of alkali. 
 
Recycling alkali directly from one batch to the following could not be proved to affect the 
oxygen permeability negatively, although the concentration of the recovered alkali was 
rather low. The nanofiltration membrane that gave the highest permeate fluxes was NF99 
while NF97 gave the highest concentrations of alkali.  
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Sammanfattning 
 
 
Livsmedelsförpackningar vars syfte är att skydda produkter som fruktjuicer, kaffe, snacks 
och kryddor behöver innehålla barriärer som förhindrar syre, luktämnen och fetter från 
att ta sig igenom förpackningen. Idag består dessa barriärer i huvudsak av aluminium och 
EVOH-plaster (etylenvinylalkohol) baserade på råolja. Priserna på aluminium och olja ökar 
allteftersom råoljereserverna i världen sakta men säkert töms ut. Kombinationen av detta 
gör att det är viktigt att hitta alternativ till dagens barriärer.  
 
Det har visats att hemicellulosor kan behandlas för att bilda filmer med låg permeabilitet 
för syre, fetter och aromämnen. Hemicellulosor, som är en av de vanligaste 
biopolymererna och återfinns bland annat i sädesslag, isoleras bäst med alkaliextraktion, 
vartefter alkalien separeras från hemicellulosan genom ultrafiltrering. Genom att 
återanvända alkali från produktionsprocessen kan processen bli billigare.  
 
Studien var uppdelad i två delar. Syftet med den första delen var att undersöka hur 
syrepermeabiliteten påverkades när alkali återvanns direkt från en utloppsström vid 
separering från hemicellulosan och återanvändes för extraktion i en annan batch, med 
tillsats av nytt alkali för justering av koncentration. Syftet med den andra delen av studien 
var att undersöka hur olika nanofiltreringsmembran kunde användas för att få fram 
renare alkali från utloppsströmmen vid ultrafiltreringen. De olika nanofiltreringsmembran 
som användes var NF97, NF99 och NF99HF, alla tre tillverkade av Alfa Laval. Genom att 
variera tryck, inflöde och temperatur undersöktes vilket membran som gav högst flöde 
genom membranet, permeatflöde och bäst kvalitet på utflödet.  
 
Att återvinna alkali direkt från en batch till en annan kunde inte bevisas påverka 
syrepermeabiliteten negativt, även om koncentration på det återvunna alkalien var 
ganska låg. Det nanofiltreringsmembran som gav högsta värden på permeatflöde var NF99 
medan NF97 gav de högsta koncentrationerna av alkali.  
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1 Introduction 
This section introduces the reader to the background of the problem and defines the aim of 

the thesis. 

 

1.1 Background 
In order to make food products maintain a certain quality, food packages contain oxygen-, 
aroma- and grease barriers. The purpose of an oxygen barrier is to prevent oxygen to 
reach sensitive foods, for example fruit juices, and pharmaceuticals. An aroma barrier 
protects the flavour of the food and a grease barrier prevents greases to come in to the 
product or to leak out and contaminate the outside of the package, which could lead to 
grease spots on the packages external sides. Products where it is of importance to keep 
the flavour intact are spices and coffee, while snacks should have a good grease barrier to 
keep greases from the product inside the package. 
 
Many foods packaging today contains aluminium and ethylene-vinyl alcohol (EVOH) as 
oxygen barriers. Plastic material and barriers, such as EVOH, are today based on 
petroleum, which until now have been a cheap raw material, but the growing shortage of 
fossil based resources is followed by increased prices.  
 
A large amount of material within the forestry and agricultural industries are today 
regarded as waste materials. Those waste materials contain the biopolymer 
hemicellulose, which has been shown to be able to form films used as oxygen barriers1. By 
isolating hemicelluloses from waste materials, for example barley husk from cereal 
production, an economical, biodegradable and renewable alternative to the existing 
oxygen barriers for the food packaging industry is offered. 
 
Xylophane® is an oxygen-, grease- and aroma barrier material based on xylans, 
hemicelluloses isolated from annual plants. This barrier is still under development but is 
planned to be on the market in a not to far future as an alternative barrier. To give the 
alternative barrier material economical advantages and to achieve a competitive product, 
the production process most be simple and cheap. Alkali are today used for the extraction 
of xylans and by recovery and reuse of the alkali, economical, as well as environmental 
advantages could be found. The alkali is separated from the extracted xylans with 
ultrafiltration. 
 

1.2 Aim of the thesis 
The purpose of this master thesis is to find a method to recover as much alkali as possible 
from an effluent stream of the xylan isolation process in order to lower the costs in the 
production process. The study is divided into two parts, where the purpose of the first 
part is to investigate how the quality of the product is affected when the alkali is recycled 
directly from the effluent stream of the ultrafiltration and used for extraction of xylans in 
another batch. In the second part different nanofiltration membranes are compared for 
the recovery of alkali from the effluent stream in order to find the membrane that gives 
the highest concentrations of alkali and the highest fluxes through the membrane. 
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2 Theory  
In this theory section the reader is oriented among different polysaccharides that are of 

varying importance in the thesis. Further on the reader is introduced to barriers and how a 

barrier can be permeated. Finely the reader is given an understanding for membrane 

filtration. 

 

2.1 Hemicelluloses  
Hemicelluloses are heterogeneous, branched, polysaccharides, consisting of various 
monomers arranged in different ways. The hemicelluloses can consist of the sugar units 
glucose, mannose, galactose, xylose, arabinose, glucuronic acid, galacturonic acid, and 
rhamnose.2 Structures of the most common building blocks are shown in figure 2.1. 
Together with cellulose, hemicellulose function as a supporting material in cell walls, 
linked in a matrix together with lignin.3 The structure of the hemicelluloses varies with 
plants and cell types. The composition of hemicelluloses even differs between stems, 
bark, branches and roots within the same plant.2  
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Figure 2.1. The most common building blocks in hemicellulose.
1 Figure from1.  

 

2.2 Cellulose 
Cellulose is a linear, homogeneous polysaccharide consisting of glucopyranose units, 
linked by β-(1→4)-glycosidic bonds, essentially located in the cell wall of plants, where it is 
supportive. Cellulose molecules can form strong intramolecular hydrogen bonds and 
bundles of cellulose molecules can aggregates and form microfibrils, which can alternate 
between an amorphous and crystalline state. The microfibrils form fibrils, which forms 
cellulose fibres.2 Figure 2.2 shows the structure of cellulose. 
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Figure 2.2. Structure of cellulose.

4
 Figure from4. 

 

2.3 Lignin 
Lignin is a complex, insoluble polymer of phenylpropane units, the structure is very 
complex and not yet fully mapped. Lignin is one of the most abundant natural polymers 
and one-fourth to one-third of the dry weight of trees is represented by lignin. 2 In 
association with cellulose, lignin functions as a strengthening material in cell walls and 
resists compression forces on the matrix. Lignin is particularly essential for strengthening 
the xylem tubes, the water and salt transport system in plants.5  
 

2.4 Barley and barley husk  
Barley, Hordeum vulgare, is a cereal plant cultivated in many temperate parts of the 
world.6 Barley is mostly cultured to be used as animal food and industries, for example 
beer making.7 Usually the husks are regarded as by-products, accounting for 15-20 % of 
the dry weight of the grain.8 The husk contains hemicellulose (46 %), cellulose (21 %), 
lignin (12 %), starch (8 %), proteins (10 %) and fat (3 %).9 

2.4.1 Arabinoxylans  
Arabinoxylans are, together with glucans, the most abundant hemicelluloses in barley 
husk, accounting for up to 30 % and 35 % respectively of the polysaccharides.10,11 
Arabinoxylan consists of a linear backbone of D-xylopyranosyl residues linked together by 
β-(1→4)-glycosidic bonds with arbinofuranose units attached as side branches.12 The 
structure is shown in figure 2.3. Arabinoxylans consists of 1500-5000 residues, with a 
molecular weight between 20-60 kDa. However, during isolation some degradation occurs 
and the molecular weight decreases.4  
 

 
 

Figure 2.3. Structure of arabinoxylan. 
4
 

 

2.5 Extraction of hemicelluloses  
Different hemicelluloses have different solubility properties and there are many ways to 
extract hemicelluloses from wood and annual plants. Extraction of arabinoxylans with 
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alkali gives the highest yield.2,13 However, with alkali extraction acetyl groups will be 
removed. Some hemicelluloses are water soluble and can be extracted by water but this 
gives only small yields. A more effective way than water extraction is to extract 
hemicelluloses by dimethyl sulfoxide solvent, DMSO. Although only a part of the 
hemicelluloses can be extracted by this solvent the advantage is that no chemical changes 
take place.4 Isolation of xylan components from the cell wall matrix is restricted by the 
present lignin network, proteins and extensive hydrogen bounding between 
polysaccharides such as starch.3 To remove starch molecules a pre-treatment with a 
heating operation can precede the extraction. Starch granules swell and eventually burst 
in hot water and the starch leaches into the solution.14   

2.5.1 Possible use of extracted hemicelluloses  
Hemicelluloses degraded to the monomeric form under the isolation can be fermented to 
ethanol and xylitol,15 while hemicelluloses in the oligomeric form can be treated to be 
used as ingredients in functional food.16 In the polymeric form hemicellulose can be 
treated to be used as an oxygen barrier.1 

 

2.6 Permeation through a barrier  
Permeation is the rate at which gases or vapours passes through a polymeric material. The 
gas is first adsorbed to the polymer, where diffusion occurs through the polymer along 
concentration gradients and finally the gas desorbs from the surface on the other side of 
the polymer. The general equation for mass transport of a penetrant across the barrier is 
 
 
 (2.1) 
 
 
where ΔM/Δt is the mass of penetrant crossing a barrier per unit time, P is the 
permeability of the barrier, A is the area of the barrier, Δp is the pressure difference 
across the barrier and L the thickness of the barrier. The permeability is the product of the 
permeance and thickness, where permeance is the ratio of the gas transmission rate to 
the difference in partial pressure of the penetrant on both sides of the barrier material. 
The gas transmission rate is the quantity of a given penetrant through a unit of the 
parallel surfaces of a barrier material in unit time under specified test conditions. If the 
gas is oxygen the permeance is given by 
 
 

 (2.2) 

 
 
where OP is the permeance of the oxygen, OTR is the oxygen transmission rate and Δp02 
the pressure difference. This gives the permeability coefficient of oxygen  
 
 

  (2.3) 

 
 
where L is the thickness of the barrier.17 
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Barriers of polymers can be classified by the degree of which they restrict the passages of 
gases and moisture vapour. A high barrier has a low permeability constant and a low gas 
transmission, while a low barrier has a high permeability constant and a high gas 
transmission for a certain gas or vapour.17 

2.6.1 Oxygen permeability on coatings 
If the barrier is to be coated on a supporting material, the permeability of the supporting 
material must be taken into considerations. Following relationships are applicable:  
 
 

 (2.4) 

 
 
 
where OTR is the oxygen transmission rate for the barrier coated on the support layer, 
OTRsupport is the oxygen transmission rate for the supporting material and OTRbarrier is the 
oxygen transmission rate of the coated barrier. If the oxygen transmission rate of the 
support layer is known, the oxygen transmission rate for the coated barrier can be 
calculated from analysis with the barrier coated in the support layer.18 

 

2.7 Characteristics of a barrier 
The permeation rate through a barrier depends both on the nature of the gas and the 
barrier material. A polymer configuration in the barrier with a good packaging gives a low 
permeability and the simpler the molecular structure is the more packed can the material 
be. High crystallinity also leads to lower permeation rates. The polarity of the barrier 
material and the penetrant affects the permeability; highly polar polymers containing 
hydroxy groups are good gas barriers but poor moisture vapour barriers.17 
 
The EVOH barrier has oxygen permeability 0.1-12 cm3 ∙ μm /(m2 ∙ 24h ∙ kPa) (23°C, 0-
95 % RH).18 Arabinoxylan has a oxygen permeability 0.16 (cm3 ∙ μm) /(m2 ∙ 24h ∙ kPa) (23°C, 
50 % RH).1  
 

2.8 Membrane filtration  
There are several membrane processes in a wide range of applications. The membranes 
existing today can be divided into two generations, the first generation of membranes are 
the microfiltration, ultrafiltration, reverse osmosis, electrodialysis and dialysis and the 
second generation of membranes includes gas separation membranes, pervaporation, 
membrane distillation and liquid separation membranes.19 There is also a membrane type 
often defined as a membrane process between reverse osmosis and ultrafiltration, the 
nanofiltration membrane.20 

 
Reverse osmosis, ultrafiltration, microfiltration and conventional filtration are related 
processes differing principally in average pore size diameter. Reverse osmosis membranes 
are dense and discrete pores do not exist, the transport occurs via statistically distributed 
free volume areas, diffusion. The ultrafiltration and microfiltration membranes are porous 
and the separations are based on sieving effects, that is, separations by size.21,22 Figure 2.4 
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shows the relations in pore size between the filtrations processes. The transport 
mechanism in nanofiltration operation is based on both diffusion and sieving effects. 20,23 
 
 

 
 

Figure 2.4. Relating filtration processes. Reverse osmosis, ultrafiltration, microfiltration and conventional filtration 
are related processes differing in average pore diameter of the membrane filter. Nanofiltration has pores sizes 
ranging from a tight ultrafiltration to a loose reverse osmosis.22 Figure adapted from22. 

 

2.8.1 The membrane separation process 
A membrane separation is based on the principle that one or more components can be 
transported through a membrane barrier better that other components in a solution. The 
separation can be based on size, shape, or chemical structure.19 A solute can pass through 
the membrane if it is small enough to pass through the membrane pores, without 
interaction with the membrane surface or other molecules in the solvent.21  
 
There can be up to three different streams in a membrane process; the feed, the 
permeate and the retentate. The feed can be divided into the retention stream and the 
permeate stream. The permeate stream, the permeate, has been transported through the 
membrane, while the retention stream, the retentate, has been rejected by the 
membrane.24 The retention varies between 0-100 %, where 0 % means that both solute 
and solvent can pass through the membrane. When the retention is 100 % the membrane 
is ideal, there is a complete retention of the solute.19 It is possible to define a solute 
retention coefficient R by  
 
 

 
 (2.5) 

 
 
where Cp is the concentration of the solute in the permeate and Cf is the concentration in 
the feed.21 The permeate flow depends on the driving force through the membrane, 
which can be gradients in concentration, temperature, pressure or electrical potentials.19 
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The driving potential in ultrafiltration, reverse osmosis, nanofiltration and microfiltration 
is the pressure gradient.21 

2.8.2 General membrane equation  
In order to determine which factors that are of importance for the permeate flux, there is 
a general membrane equation, (2.6). However, there are at present no equation or 
equation systems that can describe the membrane separation process in detail. The 
general membrane equation is written as 
 
 

 
 (2.6) 

 
 
where J is the permeate flux, express by the volumetric rate per unit area (m3/s∙m2), |ΔP| 
is the transmembrane pressure (the pressure difference across the membrane), ΔΠ is the 
difference in osmotic pressure, Rm is the resistance of the membrane and Rc is the 
resistance of layers on the membrane, μ is the viscosity of the solution. According to the 
equation, the transmembrane pressure must be higher than the osmotic pressure for flow 
to occur.21  

2.8.3 Membrane modules 
To perform a separation in an industrial scale hundreds to thousands of square meters are 
often required. There are different methods for the packaging of the membrane, giving as 
large active surface as possible. Such a package is called a membrane module.22 The 
filtration system can differ with great variation depending on application and module 
configuration, where the module is the separation unit. The modules can be combined in 
series or parallels. The most common modules are the tubular, the hollow fibre, the spiral 
wound and the flat sheet modules.21 
 
Tubular mode 
The tubular module is usually found in ultrafiltration systems, where, since the flow in the 
module is turbulent, it can give some control of the membrane fouling (see part 2.9 for 
fouling). The module contains several tubes in plastic or steel, clustered together in series. 
The membrane is casted on a porous support layer, which are attached inside the tubes. 
The feed solution is pumped through all tubes and the permeate is removed from each 
tube and collected at the collection header. Figure 2.5 shows a drawing of a 30-tube 
system.22  
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Figure 2.5. Exploded view of a tubular ultrafiltration. 30 tubes are connected in series. The feed solution is 
pumped through all 30 tubes collected in series. Permeate from each tube is collected in the permeate manifold.22 
Figure from 22. 

 
Hollow fibre 
The hollow fibre module consists of a bundle of fine fibres sealed in a tube at one end, 
while the other end is embedded in the tube sheet. There are two basic geometries for 
the hollow fibre modules, shell-side feed and bore-side feed, differing in where the feed 
comes in and where the permeate goes out, see figure 2.6. The shell side is used for high-
pressure applications and can be found in reverse osmosis systems while the bore-side 
feed module are used for lower pressures for example in ultrafiltration systems. Hollow 
fibres modules are common for gas separations.22 

 
Figure 1.6. Two types of hollow-fibre modules. To the left a bore-side feed module and to the right a shell-side 
feed module.22 Figure from 22. 
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Spiral-wound 
A spiral-wound module in a laboratory scale consists of a single membrane envelope 
twisted around a collection tube and sealed at the ends. In industrial scale there are more 
than one membrane envelopes, twisted around a central collection pipe. The feed passes 
through the membrane surface, it spirals inward through feed spacers to the central 
collection pipe. The permeate flows through a permeate spacer into a permeate collection 
tube, see figure 2.7. Spiral-wound modules are common in reverse osmosis, nanofiltration 
and ultrafiltration.22  
 

 
 

Figure 2.7a. Spiral wound module. Feed solution passes across the membrane surface. Figure adapted from22. 

 
 

 
 

Figure 2.8b. Spiral wound module in cross section. The feed spirals inwards to the central collection tube.22 Figure 
from22. 

 
An important feature of the spiral wound module that contribute to its popularity is the 
feed channels spacers, which keep the membranes apart and by this way mass transfer 
can be improved.22 
 
Flat sheet and plate-and-frame 
The flat sheet module is the earliest design and consisted of flat sheets of membranes 
held in a type of filter press and is nowadays called plate-and-frame modules. The feed 
mixture is forced across the surface as parts of it passes though the membrane and enters 
a permeate channel to a collection space.21,22 Plate-and-frame modules are now used in a 
limited number of reverse osmosis and ultrafiltration applications. A schematic drawing of 
a plate-and-frame module is given in figure 2.8. 
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Figure 2.8. Plate-and-frame module. To the right a schematic drawing of a plate-and-frame module which provides 
the configuration that is closest to the flat sheet membrane in the laboratory. Sets of two membranes are placed in 
a sandwich-like fashion with their feed sides facing each others. To the left is an early plate-and-frame design, 
developed for separation of gases.19,22 Figure to the left from19, figure to the right from22. 

 

2.9 Characterization and limitations of membrane filtration 
The rejection efficiency can be used to characterize a membrane. The cut-off is defined as 
the molecular weight where 90 % is rejected by the membrane. This means that of all 
solutes with a molecular weight over the cut-off value, 90 % are rejected. It is often 
mentioned as MWCO (molecular weight cut-off). However, much of the character of the 
rejection depends on the solutes, if there are large differences in molecular weight the 
larger molecule might block the pores, or when retained completely, concentration 
polarization and gel layers appear making the permeation of the low molecular solute 
hard.19 

2.9.1 Fouling and concentration polarization  
A limitation to the membrane separation process is concentration polarization and 
fouling. When retained compartments accumulate close to the membrane, a 
concentration gradient appears adjacent to the membrane, as a second layer and the 
permeation rate decreases. This gradient is called the concentration polarization. A 
common consequence of the concentration polarisation is that species can stick to the 
membrane irreversible and block the pores.20 Fouling occurs partly from blockage of the 
pores and partly from the gel layer that forms on the surface of the membrane, due to the 
concentration polarisation. The rate of fouling depends on the nature of the material 
being processed, the nature of the membrane, the pressure applied on the system and 
the velocity through the membrane. As the velocity increases, the fouling rate 
decreases.21 
 
Fouling occurs mainly in microfiltration and ultrafiltration operations and depends on a 
variable of parameters such as concentration, temperature, pH and ionic strength.19 When 
it comes to nanofilters, the pH and the interaction between the molecules and the 
membrane is of importance for the building up of a gel layer. For example, a molecule 
with a high dipole moment can interact strongly with the membrane surface, in case of an 
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opposite charge of the membrane relatively to the molecule, which could induce fouling 
in a nanofiltration process.25 

2.9.2 Filtration modes 
By operating a module in an appropriate flow mode improvements on the system 
performance can be made. Regarding the concentration polarization and the transport 
flux there are two main options of modes, the dead-end filtration mode and the cross-
flow filtration mode. 
 
When the liquid is pumped directly through a polymeric membrane, as in figure 2.9, the 
mode is called dead end or frontal. The feed flow is pumped perpendicular to the 
membrane surface and the retained particles accumulates and form a type of cake layer, 
that will become thicker along with the filtration time and the permeation rate decreases.  
This mode is used with microfiltration membranes when the feeds contain low 
concentrations of particles and the particles are less then 0.1 µm otherwise the 
membrane becomes to rapidly clogged.19,21  
 

 
Figure 2.9. Dead end mode. The feed is pumped perpendicular to the membrane. 

 
To avoid the clogging and control the fluxes and concentration polarizations a cross-flow 
mode can be used. In cross-flow filtration the feed flow along the membrane surface and 
parts of the retained particles accumulates instead of all. The concept of cross-flow 
filtration is shown in figure 2.10. The flux delineation in cross-flow filtration is relatively 
smaller compared to dead-end filtration.19,21 
 

 
 

Figure 2.10. Cross-flow filtration. The feed is pumped along the membrane. 

 

2.10 Concentration and diafiltration in a membrane process 
It is often more time and cost effective to work with small volumes and it is therefore an 
advantage to concentrate the fluids in the system. A concentration is a procedure where 
the volume of the product is reduced by taking out permeate while the retentate is 
recycled. As the permeate leaves the system the volume of the fluid in the system 
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reduces, giving a more concentrated product. For further purification of the product, 
diafiltration can be used. The diafiltration process washes out low molecular solutes. As 
permeates leaves the system, water is added in equal rates to the system, keeping the 
volume in the feed tank constant.19,21   
 
When more than one ultrafiltration plant is connected, ultrafiltration with a permeate-
forced stream (UFPFS) can be used. It is a technique where the permeate is used for the 
diafiltration. The principle of the method is to provide a flow tangentially to the permeate 
side of the membrane, in opposite direction to the retentate side, to obtain a higher 
transmembrane flow. The tangential flow is created by a recycling of permeate. The 
permeate has been collected in a permeate tank after the permeation through the 
membrane and is recycled between the tank and the permeate side of the membrane.26 
 

2.11 Nanofiltration  
A nanofiltration operation can achieve a separation between monovalent and divalent 
ions or organic solutes.20,22 The charge of the membrane, which depends on the 
isoelectrical point of the membrane and the pH of the solvent, has an important role for 
the retention. In case of negatively charged membrane, anions with the same charge as 
the membrane (so called co-ions) would be repelled while other anions could pass, and 
the membrane separate between ions with different valences.20 For example, an anionic 
nanofiltration membrane has positive groups attached to the polymer backbone, which 
repels positive cations, such as Ca2+, while negative anions are attracted, such as SO4

2-. In 
a solution with CaCl2, NaCl and Na2SO4 the order of the salt rejection should be 
CaCl2>NaCl>Na2SO4 where the rejection of CaCl2 is the highest. If the membrane had 
negatively charged groups attached, the rejection would be reverse, and if the membrane 
was neutral the order of rejection would be Na2SO4>CaCl2>NaCl, a size discrimination. The 
less retentive the membrane is, the higher are the fluxes.27 Nanofiltration membranes 
have high rejections to most dissolved organic solutes with molecular weights above 100-
200 and good salt rejection at salt concentrations below 1000-2000 ppm salt.22  

2.11.1 The Donnan potential 
In a charged membrane in contact with an electrolyte solution the concentration of co-
ions in the membrane will be lower than in the solution and the counter-ions will have a 
higher concentration in the membrane than in the solution. This difference in 
concentrations generates a potential difference in the membrane interface. The Donnan 
potential can be written as 
 
 

 
 2.7 

 
 
where Ψ is the electrical potential, R is the gas constant, T temperature, z the valence, F 
the Faraday constant and a the activity of the solutes. The subscript m refers to the 
membrane and A and B refers to two charged components in the solvent.28 
 
The Donnan potential affects the mobility of some ions and this observation is called the 
Donnan effect. The counter ions to the ions permeated will also permeates through the 
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membrane in order to maintain the electoneutrality.20 There are many nanofiltration 
membranes that combine both size and Donnan effect to get a lower rejection of salts and 
solutes. However, these membranes loose their selectivity at higher salt concentrations in 
the feed water and are used to remove salts from low salt concentrated water and are 
called low-pressure reverse osmosis membranes.22 
 

2.12 Membrane Applications 
Three of the most developed industrial membrane separations are microfiltration, 
ultrafiltration and reverse osmosis. These membrane processes are well established and 
the market is served by a number of experienced companies.22 Nanofiltration membranes 
has been on the market since the 1960s, but was not defined as an own membrane type 
until the early 1990s.20  

2.12.1 Microfiltration 
A main application for microfiltration is sterilisation and clarification of beverages, such as 
fruit juices and beers, and pharmaceuticals in the food and pharmaceutical industries.  In 
the biotechnology industry microfiltration is used in cell harvesting where the cells are 
retained.19,22   

2.12.2 Ultrafiltration 
Ultrafiltration membranes can separate low molecular components from high molecular 
components, proteins and polysaccharides can be retained but not salts and water. 
Applications for ultrafiltration membranes can be found in the pharmaceutical industry, 
paper industry, textile industry and the food and dairy industry. In the latter ultrafiltration 
has a major application in the production of cheese, but also for clarification of fruit juices 
and alcoholic beverages. In addition, many applications for ultrafiltration membranes exist 
in the biotechnology industry; concentration and removal of products from fermentation 
operations used in enzyme productions, cell harvesting or virus production.19,22   

2.12.3 Reverse osmosis 
The most common application for reverse osmosis membranes is desalting of seawater in 
order to produce drinking water. Another application for reverse osmosis is production of 
ultrapure water for the semiconductor industry and the pharmaceutical industry.22  

2.12.4 Nanofiltration 
Nanofiltration membrane applications can be found in a large range of industries; water 
treatment, food industry, pulp and paper industry, chemical processing industry and 
textile industry. Nanofiltration membranes can be used for any non-brackish, ground or 
surface water where it can remove dissolved organic and inorganic matter and viruses and 
bacteria in drinking water treatment. A major application for nanofiltration membranes in 
the food industry is for concentration and demineralisation of whey and ultrafiltration 
whey permeates.20  

2.12.5 Nanofiltration for the recovery of alkali 
Nanofiltration is used for the recovery of cleaning solutions, where the recovery of alkali is 
common in the dairy industry where one on the main components in the cleaning-in-place 
(CIP) solutions is sodium hydroxide.29,34 The recovery of sodium hydroxide with 
nanofiltration systems has been in commercial operation since 1994 and is most common 



 21 

in the dairy industry, there are examples where the alkali has been recovered and used 
again after addition of some fresh alkali for concentration adjustment.30 With high 
rejections of dye components nanofiltration can be used to reuse wastewater in the 
textile industry.20,35 There is a high alkalinity of dye effluents and nanofiltration systems 
has been shown to separate water, sodium hydroxide and monovalent ions.36 
 

2.13 Titration 
Titration is a volumetric analysis where the volume of reagent needed to react with 
analyte are measured. From the quantity of titrant added to the analyte the concentration 
of the analyte can be calculated, since the volume of the analyte is known. The most 
common titrations are acid-base, oxidation-reduction and precipitation. The equivalence 
point, the point where the amount of the added titrant is exactly the amount needed for a 
stochiometric reaction with the analyte, is the theoretical version of the endpoint, which 
is the point that is actually measured. The endpoint is marked by a sudden change in 
properties of the solution, for example a colour change. The property change is often due 
to a conformation change in a indicator, which structure depends on the excess or 
shortage of the titrant.37  
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3 Experimental  
This chapter reads up on the experimental setups and substances used in the thesis. The 

thesis is divided into two experimental parts. The first part examines how concentration 

permeate with alkali can be recycled directly to the extraction process and how its effects 

the product while the second part examines different nanofiltration membranes for the 

recovery of alkali. All practical parts are performed at Xylophane AB:s laboratory, 

Gothenburg, if nothing else mentioned.  

 

3.1 Material 
The barley husk (Hordeum vulgare) used in the study came from Lyckeby Stärkelsen AB. 

3.1.1 Membranes 
The ultrafiltration membrane used in this study was UFX10pHt membrane from 
Alfa Laval, a spiral wound module with an active surface of 0.6 m2 and a MWCO of 10000. 
The nanofiltration membranes were NF97, NF99, NF99HF, all from Alfa Laval. The 
membranes are designed to reject organics with a molecular weight above 200, while 
partially passing monovalent ions. The active surface of the nanofiltration membranes 
were 37.4 cm2. 
 
The membranes where rigged at a laboratory scale batch system, see figure 3.1. The 
system consisted of a feed tank, from which the fluids where pumped into the membrane 
module. A water heater was connected to the system, heating the fluids out from the 
feed tank. The feed tank could contain about five litres. 
 

 
 

Figure 1.1. The laboratory batch separation system.  The feed tank is connected to the pump that 
pumps the feed through the membrane. P is pressure gauges and F is the flow meter. The heating 
system connected to the feed tank is not shown in the figure.  
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3.1.2 Chemicals 
The chemicals used in the study are presented in table 3.1. 
 
Table 3.1. Chemicals with respective supplier used in the study.  

Chemicals Manufacturer 

Hydrochloric acid, concentrated volumetric solution Scharlau Chemie S.A. 
Methyl red Scharlau Chemie S.A. 
Sodium hydroxide VWR 
Plasticizer Aldrich 
Sulphuric acid, 95% Merck KGaA 
Titrisol Sodium hydroxide solution Merck KGaA 

 
The alkali used for extraction is NaOH. 

3.2 Methods 
Two different recovery methods for alkali recovery were investigated. In the first method, 
permeate fluid from ultrafiltration concentration procedure in the xylan isolation process 
was recycled and used for alkali extraction in the following batch. This part is called 
Recycling of concentration permeate. In the second method permeate fluid from 
ultrafiltration concentrate was nanofiltered and three different nanofiltration membranes 
were compared. This part is called Recovery of alkali with nanofiltration. 

3.2.1 Conductivity measurements 
The conductivity is related to the concentration of ions in the solutions and gives an 
estimation of the NaOH concentration. The conductivity was measured with a 
conductivity meter (EcoScan con 6 conductivity/°C Meter, Eutech Instruments) on a 
dilution series for NaOH based on a Titrisol Sodium hydroxide solution for 1000 ml, 
c(NaOH) = 1 mol/L, with the concentrations of 1.00 M; 0.5 M; 0.25 M; 0.125 M; 0.1 M; 
0.05 M and 0.01 M. The conductivities were plotted to the concentrations in figure 3.2 
and from these values the concentrations were based from a linear regression 
throughout the study. The linear regression was calculated to conductivity (mS/cm) = 
165.13∙concentration (M) + 4.9. 
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Figure 3.2. Conductivity for concentrations of NaOH. 1.00 M NaOH corresponded to 163.8 cm/mS and the 
achieved linear regression equation was conductivity (mS/cm) = 165.13∙concentration (M) + 4.9.  
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3.2.2 Recycling of concentrate 
The xylan isolation process was repeated 10 times, giving a total of 10 batches. 
Concentration permeate containing sodium hydroxide was taken from the ultrafiltration 
and was used for alkali extraction in the following batch, see figure 3.3. Fresh NaOH was 
added to the alkali extraction to adjust the concentration of the concentrate, the amount 
of new NaOH added for each batch was based on linear regression calculations, based on 
the conductivity of the concentrate. That is, only fresh alkali was added to the first batch, 
and concentrate taken out from ultrafiltration in the first batch where used for extraction 
of xylans in the second batch. Concentrate from the ultrafiltration in the second batch 
were used for extraction of xylans in the third batch and so on. The oxygen permeability 
was examined from the products from batch 1, 5 and 10 in the series. 
 
 
 

 
 

Figure 3.3. The Xylan isolation process. The crosshatched line is the concentrate from the ultrafiltration used for 
extraction in the following batch. Concentrate from the ultrafiltration was recycled as extraction solution 10 times 
with addition of fresh NaOH for every batch. To the first batch only fresh NaOH was used.  

3.2.3 Hydrolysis and alkali extraction 
A 10 dry wt.%  barley husk solution with the batch volume of 1 litre was stirred and 
heated to 75°C for 2 h, followed by addition of 0.25 % H2SO4 when the temperature 
declined to a temperature below 50°C. The solution was stirred for 16 at room 
temperature. After a dead end vacuum filtration with a buchner filtration system and 
washing with 1 L deionised water, a dry cake of barley husk was obtained. 4 wt. % NaOH 
was added to the cake, giving a NaOH concentration of 1.00 M, and extraction was 
performed for 16 h, room temperature. The extract, containing among others 
hemicelluloses and alkali but not husks, was recovered by vacuum filtration and diluted 
under the procedure. 

3.2.4 Ultrafiltration 
An ultra-/diafiltration was performed (1 bar, 300 L/h, 40°C) to concentrate and wash out 
the alkali from the extract of hemicelluloses. A concentration procedure was performed 
by collecting permeate fluids for the extraction in a following batch, leaving a volume of 
1 L in the system. Under the diafiltration water was added manually to the feed tank as 
the permeate left the system, as the purpose of the diafiltration was to wash out the 
alkali from the product. The diafiltration was continued until conductivity with values 
below 1 mS/cm was reached. The retentate, containing the hemicelluloses, was dried in 
oven (80°C) under night. 
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3.2.5 Film preparation  
The dried product, consisting of xylans retained under ultrafiltration, was pulverized in a 
hammer mill (Arthur H. Thomas CO., Philadelphia, USA) to a size less than 1 mm. A 
solution was prepared with 70 % of the pulverized xylan, 30 % plasticizer and water, 
giving a dry weight at 10 %. After heating the solution for 10 minutes at 90 °C it was 
completely dissolved and could be coated on a PET-film (Mylar 800, 36 micron from 
DuPont). An automatic roller coating machine was used to get a smooth coating on the 
film.  

3.2.6 Analysis of oxygen permeability  
To measure the oxygen permeability an oxygen permeation analyser was used (8001 
Oxygen Permeation Analyser, Systech Instruments). The coated PET-film was mounted on 
two different cells, each disposing an area of 50 cm2 of the film. The oxygen transmission 
rate of the PET-film was 35.35 cm3∙µm/m2∙24h∙kPa. By flushing pure nitrogen gas on the 
uncoated side of the sample while pure oxygen gas was flushed on the coated side of the 
sample, see figure 3.4, the amount of oxygen diffused through the barrier could be 
detected in the nitrogen gas. The measurement was performed at 23 °C, 101.3 kPa and 
50 % relative humidity (RH) until a steady state in oxygen permeability was reached.  
 

 
Figure 3.4. Systematic drawing of the gas flow under the oxygen transmission analysis. The sample is 
the dark thin line, mounted in the cell. Oxygen gas Is flushed over the top of the sample while nitrogen 
gas is flushed under the sample. The oxygen gas that permeates through the sample is flushed out 
together with the nitrogen gas and detected.  

 

3.2.7 Recovery of alkali with nanofiltration 
Three different nanofiltration membranes where tested, with varying temperature (T), 
pressure (P) and flow (V’). The barley husks used for this came from a different batch than 
the husks in the first part. An experimental design was made with help of the software 
MODDE (Version 8.0, Umetrics AB), see table 3.2. With three factors and two levels of 
each factor (high or low) there were eight points to investigate for each membrane. In 
addition to the eight points there were also three centre points for each trial (in order to 
allow an independent estimate of error to be obtained). The response of interest was the 
permeate flux, which was measured with a graded glass cylinder and a stop watch until a 
steady state in the permeate flux was reached for each point of measure. To prevent 
systematic errors the program randomly chose a run order.  
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Table 3.2. The experimental design for the nanofiltration. The same design is applied to all three 
membranes. The run order were randomized by MODDE to prevent systematic errors. 

Name Run order 
Temperature 

(°C) 
Pressure 

(bar) 
Flow 
(L/h) 

1 11 25 0.4 150 
2 8 35 0.4 150 
3 9 25 1.6 150 
4 4 35 1.6 150 
5 10 25 0.4 200 
6 3 35 0.4 200 
7 6 25 1.6 200 
8 7 35 1.6 200 
9 5 30 1.0 175 
10 2 30 1.0 175 
11 1 30 1.0 175 

 

 

3.2.8 Sodium analysis 
A volume of 50 ml permeate was gathered from the three membranes and sent to extern 
analyse (Eurofins, Lidköping, Sweden). The samples was analysed by ICP-AES, inductively 
coupled plasma atomic emission spectroscopy.  

3.2.9 Hydroxide analysis 
A titration was performed on the permeates from the three membranes to calculate the 
concentration of hydroxide ions in the permeates. As titrant 1.00 M HCl was prepared 
from an ampoule and diluted to a volume of 1 L. A few drops of methyl red (1g/L) was 
added as indicator to each permeate. Methyl red gives a yellow colour above pH 6.2, red 
colour under pH 4.4 and orange in between. The addition of the titrant was continued 
until the colour in the permeate had changed from yellow to orange. By the use of HCl as 
titrant the titration was a strong acid base titration. Hence the concentration of hydroxide 
ions could be calculated directly from the endpoint, indicated by a colour change.  
 

3.2.10 Pure water permeability 
To investigate the effect on the membrane from the nanofiltration of the concentrate 
permeate, the flux for deionised water was examined for each membrane before and 
after nanofiltration of the concentrate. The effect on the flux by temperature and 
pressure was examined with two different temperatures and three different pressures.  
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4 Results and discussion 
In this chapter the results from the two experimental parts are presented, followed by 

discussions. 

 

4.1 Recycling of concentrate  
The amount of concentrate taken out under the ultrafiltrations varied through the series, 
as a result of how much extract that could be recovered in the vacuum filtration 
operation. The alkali solution used for the extraction of the hemicelluloses had a 
conductivity of about 168.3 mS/cm, corresponding to a concentration of 1 M. The 
conductivity of the concentrate taken out under the ultrafiltration was lower than the 
conductivity in the extraction solution, see table 4.1. Under the vacuum filtration of the 
extract, deionised water was added to wash the cake, resulting in a dilution of the extract. 
The concentration of 1 M NaOH should then have been diluted to 0.5 M NaOH, and the 
conductivity of 168.3 mS/cm for 0.5 M NaOH should be 87.8 mS/cm. The conductivity of 
the concentrates varied between 32.0 and 38.2 mS/cm. However, there were always 
some fluids left in the ultrafiltration system and there were also fluid left in the dry cake 
which could explain the lower values of the conductivity. The amount of added NaOH to 
obtain 1 M, 168.3 mS/cm, varied between 32.7-35.0 g/L. 
 
 
Table 4.1. The conductivity and volume of the concentrates after ultrafiltration. The concentrations 
of the concentrates taken out under the ultrafiltrations are calculated from the conductivity with the 
linear regression from figure. 3.1. The volume is the volume of the concentrate taken out under the 
concentration. 

Batch 
Conductivity 

 (mS/cm) 
Volume (L) Concentration (M) 

1 36.5 0.6 0.17 

2 35.4 0.6 0.16 
3 32.0 0.6 0.14 
4 37.6 0.7 0.18 
5 36.8 0.6 0.17 
6 37.4 0.6 0.18 
7 36.4 0.6 0.17 
8 33.5 0.6 0.15 
9 38.2 0.7 0.18 
10 27.5 0.5 0.14 

 

 

4.1.2 Barrier properties  
The oxygen permeability coefficients were calculated from the oxygen transmission rate 
of the films made from the products in batch 1, 5 and 10 from the series of concentrate 
recycling and are shown in table 4.2. The values presented in table 4.2 are means from 
two different cells for each sample.  
 

. 
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Table 4.2. Oxygen permeability coefficients. The values are based on the OTR values from the OTR 
measurements and each value is a mean of two. 

Batch  
Oxygen permeability 

cm3 · µm/(m2 
· 24h ·kPa) 

1 0.8832 
5 0.5173 
10 0.1200 

 
 
Although pure arabinoxylans has an OPC value of 0.16, OPC values of 0.12-0.88 cm3 ∙ 
μm/(m2 ∙ 24h ∙kPa) are still good considering the OPC values of EVOH plastics (0.1-12 cm3 ∙ 
μm/(m2 ∙ 24h ∙kPa)). With this in mind the conclusion can be drawn that all three values 
from table 4.2 correspond to a good barrier. According to table 4.2 the oxygen 
permeability coefficient declines with the recycling level. However, unfortunately, before 
the three films where analysed in the Oxygen transmission rate analyser, a poor barrier 
had been analysed which affected the analyse conditions and during the measurements 
the calibrated baseline declined, leaving conclusions about variations in product quality 
uncertain.  
 

4.2 Recovery of alkali with nanofiltration  
The fluxes for various temperatures, flows and pressures for the membranes are shown 
in table 4.3. The permeate fluxes were measured at steady state, the time to achieve 
steady state for each new mounted membrane was about two hours. The permeate 
fluxes for the NF97 membrane are 103 times smaller than the permeate fluxes for the 
other two membranes, which does not differ in size order, although the NF99 gave 
slightly higher fluxes throughout the series.  
 
 
Table 4.3. The permeate fluxes from the trials. Note that the fluxes are times 10 -9, 10-6 and 10-6. The 
pressure is the applied pressure; the transmembrane pressures are presented in Appendix 1. 

Temperature 
(°C) 

Pressure 
(bar) 

Flow 
(L/h) 

Permeate 
flux 

(m3/s·m2 
*10-9) 

Permeate 
flux 

(m3/s·m2 
*10-6) 

Permeate 
flux 

(m3/s·m2 
*10-6) 

      NF97 NF99 NF99HF 

25 0.4 150 1.43 6.68 5.35 
35 0.4 150 1.65 8.23 6.80 
25 1.6 150 5.47 20.57 17.10 
35 1.6 150 9.17 17.83 16.00 
25 0.4 200 1.36 7.13 5.73 
35 0.4 200 3.44 5.69 4.90 
25 1.6 200 5.70 17.25 14.60 
35 1.6 200 9.32 21.39 18.20 
30 1.0 175 3.70 11.63 10.40 
30 1.0 175 4.67 8.63 6.37 
30 1.0 175 5.24 8.63 6.37 
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4.2.1 Concentrations of sodium and hydroxide ions  
The concentrations of hydroxide- and sodium ions are shown in table 4.4.  
 
Table 4.4.  Concentrations of sodium ions and hydroxide ions in the permeates. The values of 
hydroxide ions are means of three titrations per permeate liquid.  

 
Ion concentration (M) 

 
Membrane 

 
Na+ OH- 

NF97 0.33 0.26 
NF99 0.31 0.25 

NF99HF 0.29 0.26 
 

 
Table 4.4 shows that the retention of sodium and hydroxide ions did not differ much 
between the membranes. A lower retention of sodium ions seems to be followed by a 
lower retention of hydroxide ions. Both negative and positive monovalent ions was 
permeated through the membranes.  
 
Table 4.5 shows the conductivity of the permeate before and after the filtration process 
for each membrane. The Recovery is defined as the ratio of the conductivity before to the 
conductivity after the nanofiltration process and can be seen as a measure on how much 
ions that permeated through the membrane. For example, membrane NF99 hade the 
lowest retention of ions, 98 % permeated. When combining this with the fact that NF99 
had the lowest concentrations of hydroxide ions, it seems like this membrane was not as 
selective as the other two. This makes it plausible to assume that the permeate from the 
NF99 process contains other monovalent charged components than sodium and 
hydroxide.  
 
Table 4.5. Conductivity of concentrate before and permeate after nanofiltration. The Initial 
conductivity is taken just before the nanofiltration and the Final conductivity is measured on the 
permeate from the nanofiltration. All measured in room temperature. The Permeation is defined as 
the ratio of the conductivity before to the conductivity after the nanofiltration process. In all the 

nanofiltration processes the fluid was taken from the same tank, however, there was a break (for 11 

days) between the filtration with NF99HF and the other two membranes.  Under this time some 
leakage from the container with permeation liquid could have occurred resulting in higher conductivity. 

Membrane Conductivity (mS/cm) 

 Initial Final RecoveryFinal/Inital 

NF97 58.3 55.3 95 
NF99 58.3 57.2 98 

NF99HF 59.6 56.3 94 

 

4.2.2 Evaluation of process parameters  
The effect of the three process parameters of the permeate flux, J, was investigated from 
the experimental data with the software MODDE. A plot of observed values against 
predicted values can tell how good the model was. The more linear the values are 
distributed the better the model. In figures 4.1-4.3 R2 and Q2 are displayed. R2 is the 
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fraction of the variation of response explained by the model and Q2 is the fraction of 
variation of the response predicted by the model according to cross validation. The values 
of Q2 and R2 are always between 0 and 1, values close to 1 for both R2 and Q2 indicates a 
very good model with excellent predictive power. For more information about R2 and Q2 
see appendix 2.  
 
The models for each membrane are presented below, followed by a plot with predicted 
values plotted against observed values. The coefficients for each model are listed in 
appendix 1.  
 
The general model of the permeate flux (shown in equation 2.6, part 2.8.2) shows that 
the permeate flux is directly proportional to the pressure. In two of the models the 
permeate flux was affected by the pressure with a power of two and this is not what 
could have been expected from the theoretical model. The flow parameter can be 
coupled to the gel layer formation which is represented with Rc. However, none of the 
models showed that the flow had any effect on the flux and if no gel layer formations 
occurred this is in concurrence with the theory.  
 
According to the general membrane equation (equation 2.6) the permeate flux is 
inversely proportional to the viscosity. The viscosity decreases with higher temperatures. 
The general equation model shows a dependency of the osmotic pressure and the higher 
temperature, the higher osmotic pressure and the lower permeate flux. Hence, the 
concurrence of the temperature dependence or independence in the models with the 
theoretical models is dependent on which of the two factors that had the largest 
influence. 
 

 
Nanomembrane NF97 
The temperature, T, and the pressure, P, had significant effect for the permeate flux on a 
significance level of 95 %. The model is shown below in equation (4.1). 
 
 

  (4.1) 

 
 
In figure 4.1 the observed permeate flux is plotted against the predicted values from the 
model. The linearity and the values of R2 and Q2 indicate a good model for the NF97 
membrane. 
 

 

PTTPTPJ 12210),( ββββ +++=
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Figure 4.1. Predicted values of the permeate flux based on the model plotted against observed values 

of the permeate flux from the NF97 membrane filtration. The figure also shows N, number of samples, 
DF, degrees of freedom, R2 and Q2. The values near 1 for R2 and Q2 indicate a good model for the NF97 
membrane. 

 
 
Nanomembrane NF99 
According to the model for the NF99 membrane the only effects on the permeate flux is 
the applied pressure on a 95 % significance level. The model is shown below in equation 
(4.2) 
 
 

 (4.2) 

 
 
The linearity and the values of R2 and Q2 indicated a good model for the NF99 membrane, 
although not as good as the model for the NF97 membrane based on the values of Q2 and 
R2.  
 

 
Figure 4.2. Predicted values of the permeate flux based on the model plotted against observed values 

of the permeate flux from the NF99 membrane filtration. The figure also shows N, number of samples, 
DF, degrees of freedom, R2 and Q2.  

 
 

Nanomembrane NF99HF 
The model best presenting the fluxes from the experiments showed that only the applied 
pressure had an effect on permeate fluxes on a 95 % significance level. The model is 
shown in equation (4.3) 
 

 
  (4.3) 

 

2
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Figure 4.3 shows the observed values plotted against the predicted values.  
 

 

 
 

Figure 4.3. Predicted values of the permeate flux based on the model plotted against observed 

values of the permeate flux from the NF99HF membrane filtration. The figure also shows N, number 
of samples, DF, degrees of freedom, R2 and Q2.  
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4.2.3 Pure water permeability 
The flux of deionised water is presented as a function of the applied pressure for each 
temperature and membrane in the following figures (4.4a-f).  
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Figure 4.4a. Pure water permeability for NF97 

at 35°C. 
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Figure 4.4b. Pure water permeability for NF97 

at 25°C. 
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Figure .4.4c. Pure water permeability for NF99 

at 35°C.  
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Figure 4.4d. Pure water permeability for 

NF99  at 25°C. 
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Figure 4.4e. Pure water permeability for 

NF99HF at 35°C. 
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Figure 4.4f. Pure water permeability for 

NF9HF at 25°C. 
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4.3 Discussion 

4.3.1 Recycling of alkali 
Something that should be taken into consideration when it comes to the conductivity 
measurement of the permeate concentrate is that the conductivity meter can only give a 
measure on the ion amount, and not the specific NaOH amount. However, the 
concentrations of the extraction solution are based on calculations from pure NaOH 
standard series (see part 3.2.1). There is therefore likely to assume that the NaOH 
concentrations of the extraction solutions are lower than what is calculated. 
 
The amount of new NaOH added to each batch was rather high which could be taken into 
consideration when the quality of the barrier is to be evaluated. To investigate whether 
the high amount of added NaOH was the main reason for the good barrier the experiment 
could be investigated on a larger scale where the recovery of NaOH is higher.  

4.3.2 Nanofiltration  
The fluxes under the nanofiltration processes were measured by a glass cylinder and a 
stop watch which is not an exact method. Since the eye determined when a certain 
volume was achieved the volume could differ between the measurements. However, the 
volumes that could differ between the measurements could at most be some micro litres, 
though, this could have given a time different of a few seconds. 
 
The ion concentration of the permeates were very close and the difference could possibly 
be explained on faults in the measurements, especially when it comes to the titration for 
determination of the concentration of the hydroxide ions.  Under the titrations the colour 
change was detected by the human eye and it is possible it differed between some micro 
litres here also, although triplicates were performed for each sample. 
 
The NF97 membrane gave the highest concentrations of the hydroxide and sodium ions, 
as well as the highest specificity for sodium and hydroxide ions. Given that the 
concentrations of alkali was so close among the three membranes, the membrane with 
the highest fluxes, NF99, might be giving concentrations good enough, while it is more 
time effective to use it.   
 
In this study the alkali used is NaOH. Since the nanofiltration membranes used in this 
study could separate monovalent ions from divalent ions, using another univalent alkali 
should give same results. 
 
The pure water permeate flux is linear to the pressure in concurrence of the general 
membrane model (eq. 2.6) Although, every solvent have a different interaction with the 
membrane and the properties would differ, the only membrane where the filtration of the 
concentrate had a negative effect on the pure water flux was the NF97 membrane at 
35°C. The other membrane filtrations of the concentrates did not affect the membrane to 
a lower flux, that is, no fouling. However, the flow was constant so there could have been 
an influence on the fluxes that is not shown. However, taken into consideration that the 
flow was not a process parameter with effect on the flux for the three membranes, this in 
combination with the pure water permeability could indicate that no fouling or gel layer 
formation appeared during the time the membrane were investigated. 
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5 Conclusions 
The most important conclusions are listed in this chapter. 

 
 
Recycling of concentrate from ultrafiltration to use for extraction of xylans in another 
batch did not show a reduction in oxygen permeability of the product.  
 
None of the membranes showed an effect in the permeate flux by the flow. NF97 showed 
a temperature effect on the permeate flux and all three showed a pressure effect on the 
permeate flux. In the studied interval no clearly apparent fouling effects could be 
recognised.  
 
The NF97 membrane gave the highest concentration of sodium and hydroxide ions but for 
the highest fluxes NF99 is recommended. 
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6 Future work 
 
 
• Use the alkali recovered in the nanofiltration process for extraction and investigate 

how it effects the product.    

• Perform energy calculations for the two membranes with the highest fluxes to see if 
the membrane with the highest fluxes but with marginally higher retention after all 
gives the highest yield for a certain energy consumption.  

• Examine how the nanofiltration membranes performs in a pilot scale.  
• Examine the recovery of alkali in a pilot scale. 



 37 

References  
 
 

1 Gröndahl, M. Effects of molecular architecture of xylans on material properties; 
 Thesis for the degree of doctor of philosophy, Chalmers University of Technology 
 (2005).  
 
2 Sjöström, E. Wood chemistry Fundamentals and Applications. Second edition, 
 Academic Press (1993). 
 
3  Ebringerova, A., Heinze, T. Xylan and xylan derivatives- biopolymers valuable 
 properties, 1 – Naturally occurring xylans structure, isolation procedures and 
 properties. Macromolecular rapid communication (2000), 21 542-556. 
 
4  Höije, A. Isolation, Characterization and Material Properties of Arabinoxylan from 

 Barley. Thesis for the degree of licentiate of engineering. Chalmers University of 
 Technology (2005). 
 
5  Lodish H., Berk A., Zipursky S. L., Matsudaira P., Baltimore D., Darnell J. E. 
 Molecular Cell Biology. W.H. Freeman & Co (1999). 
 
6  Murphy D. J. People, Plants and Genes - The Story of Crops and Humanity (2007). 
 
7  Oscarsson M., Andersson R., Salomonsson A., C. Åman P. Chemical composition 
 of barley samples focusing on dietary fibre components. Journal of cereal science 

 (1996), 24, 161-170. 
 
8  Cruz M. J., Moldes B.A., Bustos G., Torrado A., Domínguez M. J. Integral  utilisation of 
 barley husk for the production of food additives. Journal of the science of food and 

 agriculture (2007), 87, 1000-1008. 
 
9 Höije A., Gröndahl M., Tømmeraas K., Gautenholm P. Isolation and 
 characterization of physicochemical and material properties of arabinoxylans  from 
 barley husks. Carbohydrate Polymers (2005), 61, 266-275. 
 
10 Roos A., Persson T., Krawczyk H., Zacchi G., Stålbrand H. Extraction of water soluble 
 hemicelluloses from barley husks. Bioresource Technology (2009), 100, 763-769. 
 
11 Krawczyk H., Persson T., Andersson A., Jönsson A. S. Isolation of hemicelluloses 
 from barley husks. Food and bioproducts processing (2008), 86, 31-36. 
 
12  Izydorczyk M. S., Biliaderis C. G. Cereal arabinoxylans: advances in structure and 
 physicochemical properties. Carbohydrate Polymers (1995), 28, 33-48. 
 
13  Gabrielii I., Gatenholm P., Glasser W.G., Jain R.K., Kenne L. Separation, 
 characterization and hydrogel-formation of hemicellulose from aspen wood. 
 Carbohydrate Polymers (2002), 43, 367-374. 
 



 38 

14  Carraher C. E. Jr. Polymer Chemistry. Sixth edition, Marcel Dekker, Inc (2003). 
 
15  Saha B. C. Hemicellulose bioconversion. Journal of Industrial Microbiology and 

 Biotechnology (2003), 30, 279-291.  
 
16  Garrote G., Domínguez H., Parajó J. C. Production of substituted oligosaccharides 
 by hydrolytic processing of barley husk. Industrial and Engineering Chemistry 

 Research (2004), 43, 1608-1614. 
 
17  Krochta J.M., Baldwin E. A., Nisperos-Carriedo M. O. Permeability properties of 
 edible films. Edible Coatings and Films to Improve Food Quality. CRC Press (1994), 
 p 182. 
 
18  Danielsson, M., Xylophane AB. Personal communication. 2008-11-20. 
 
19  Mulder M. Basic Principles of Membrane Technology. First edition, Kluwer 
 Academic Press (1991). 
 
20 Schäfer A. I., Fane A. G., Waite T. D. Nanofiltration Principles and Applications.  First 
 edition, Elsevier (2005). 
 
21  Richardsson J. F. Chapter 8 Membrane separation processes. Chemical engineering. 
 Volume 2, Elsevier Butterwort-Heinemann (2002), 367-474.  
 
22  Baker R. W. Membrane Technology and Applications. Second edition. Wiley, (2004). 
 
23  Pontalier P. Y., Ismail A., Ghoul M. Mechanisms for the selective rejection of solutes in 
 nanofiltration membranes. Separation and Purification Technology, (1997), 12, 175-
 181. 
 
24  Judd S., Jefferson B. Membrane Technology. Membranes for Industrial Wastewater 

 Recovery and Re-use. Elsevier Advanced Technology, (2003), 14-70. 
 
25  Van der Bruggen B., Braeken L., Vandecasteele C. Evaluation of Parameters 
 Describing Flux Decline in Nanofiltration of Aqueous solutions containing organic 
 compounds. Desalination (2002), 147, 281-288. 
 
26  Dutré B., Trägårdh G. Purification of gelatine by ultrafiltration with forced solvent 

 stream along the permeate side: an experimental approach. Journal of Food 
 Engineering (1995), 25, 233-244. 

 
27 Nyström M., Kaipia L., Luque S. Fouling and Retention of Nanofiltration Membranes. 
 Journal of Membrane Science (1995), 98, 249-262. 
 
28  Peeters J.M.M., Boom J.P., Mulder M., Strathmann H. Retention measurments of 
 nanofiltration membranes with electrolyte solutions. Journal of Membrane Science  
 (1998), 145, 199-209. 
 



 39 

29 Trägårdh G., Johansson D. Purification of alkaline cleaning solutions from the dairy 
 industry using membrane separation technology. Desalination (1998), 119, 21-29. 
 
30  Merina U., Gésan-Guiziou G., Boyaval E., Daufin G. Cleaning-In-Place in the Dairy 
 industry: Criteria for Reuse of Caustic (NaOH) solutions. Lait (2002), 82, 357-366. 
 
31  Mawson A. J., Regeneration of cleaning and processing solutions using  membrane 
 technologies. Trends in Food Science & Technology (1997), 8. 
 
32  Gésan-Guiziou G., Boyaval E., Daufin G. Nanofiltration for the recovery of caustic 
 cleaning-in-place solutions: robustness towards large variation of composition. 
 Desalination (2002), 149, 127-129. 
 
33 Novalic S., Dabrowski A., Kulbe K. D. Nanofiltration of caustic and acidic cleaning 
 solutions with high COD Part 1. Recycling of sodium hydroxide. Journal of Food 

 Engineering (1998), 38, 125-132. 
 
34 Räsänen E., Nyström M., Sahlstein J., Tossavainen O. Purification and regeneration 
 of diluted caustic and acidic washing solutions by membrane filtration. Desalination 
 (2002), 149, 185-190. 
 
35  Xu Y., Lebrun R. E. Comparison of nanofiltration properties of two membranes  using 
 electrolyte and non-electrolyte solutes. Desalination (1999), 122, 95-106. 
 
36 Eun Kyung Choe, Eun Jong Son. NF process for the recovery of caustic soda and 
 concentration of disodium terephthalate from alkaline wastewater from polyester 
 fabrics. Desalination (2005), 186, 29-37. 
 
37 Harris D. C. Lets the titration begin. Quantitative chemical analysis. W. H. 
 Freeman and Company, 2007.  

 
 
 
 
 



 40 

Appendix 1 
 
 

Results from the nanofiltration: Coefficients for the model parameters 
Additional results from the model evaluation with MODDE. The coefficients for the 
parameters are presented in plot and tables for each nanofiltration membrane.  
 
NF97 

 
Coefficient plot and table for permeate flux in NF97: 

 

 
 

Coefficients and coefficients interval  
 

Table A1. Coefficient and coefficient intervals for the NF97. 

NF97 

Parameter Coefficient    

Constant β0 4.65 ± 0.47 
P β 1 1.20 ± 0.55 
T β 2 2.73 ± 0.55 

P*T β12 0.62 ± 0.55 
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NF99 
Coefficient plot an table for permeate flux in NF99: 

 

 
 
 

Table A2. Coefficient and coefficient intervals for the NF99. 

NF99 

Parameter Coefficient    

Constant β0 9.63 ± 2.19 
P β1 5.51 ± 1.20 
P2 β 2 2.77 ± 2.06 

 
 

NF99HF 
Coefficient plot and table for permeate flux in NF99HF: 

 
 

 
 
 
Table A3. Coefficient and coefficient intervals for the NF99HF. 

NF99HF 

Parameter Coefficient    

Constant β0 7.71 ± 2.23 
P β1 5.39 ± 1.37 
P2 β 2 3.37 ± 2.62 
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Appendix 2 
 

Additional information about statistical parameters  
All information below comes from MODDE, the software used for evaluation of process 
parameters for the nanofiltration processes.  

 
R2 
R2 Is the fraction of the variation of the response explained by the model.  
R2 = SSREG/SS 
SSREG = the sum of squares of the response corrected for the mean, explained by the 
model. 
SS = the total sum of squares of the response corrected for the mean. 
R2 overestimates the goodness of the fit. 
R2 Adjusted: The fraction of variation of the response explained by the model adjusted for 
degrees of freedom. 
 
Q2 
Q2 Is the fraction of the variation of the response predicted by the model according to 
cross validation and expressed in the same unit as R2. 
Q2 = 1 – PRESS/SS 
PRESS = the prediction residual sum squares. 
SS = the total sum of squares of the response corrected by the mean. 
Q2 underestimates the goodness of the fit. 
Q2 can be negative for very poor models. 
 


