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In the work presented in this thesis, membrane fouling was analyzed with
a number of analytical techniques to understand why and how membrane
fouling takes place, and what is actually fouling the membranes. In addition,
cleaning of fouled membranes in new environmentally friendly ways was investigated. The research presented in this thesis supports the improvement of
membrane technology in lignocellulosic biorefineries, making it more attractive
to implement it, hereby constituting an important contribution in the transformation of society from a fossil-based to a sustainable bio-based one.
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Popular Scientific Summary
Transforming society with bio-based products: mastering the separation
process is key
The transition to a circular, non-fossil-based economy is the main priority of many scientists
within engineering worldwide, through necessity. We need every possible contribution to
prevent the climate crisis we are facing. Producing new bio-based products from wood
represents such a contribution. We can extract valuable compounds from wood thanks to
a process called membrane filtration.
Let’s create new materials from wood
To utilize all the valuable compounds in wood, it must be decomposed into its chemical building blocks. Industrial plants for this process already exist in the form of pulp
mills that produce the raw materials for paper, cardboard, and textile production.
Incorporating membrane technology into pulp mills transforms them into “lignocellulosic biorefineries”, enabling us to extract even more useful chemicals that would
otherwise end up as waste. The work presented in this thesis helps lignocellulosic
biorefineries come one step closer to the circular economy, but the process demands
advanced technology.
During the processing of wood, some of its chemical constituents dissolve in water. One of the challenges is to extract and concentrate these compounds for further
use. An efficient and energy-smart way of doing this is by using membrane filtration. Membranes are very dense filters that can be used to separate the molecules in
a solution according to their size, in much the same way as a filter is used to hold
back ground coffee beans when making filter coffee, but on a much smaller scale.
The greatest problem in using membranes for this task is that they tend to become
clogged during filtration. This is usually referred to as “membrane fouling”.
A closer look at the problem and how it can be solved
I have studied the fouling and cleaning of membranes in lignocellulosic biorefineries. I
used a number of analytical techniques to understand why and how membrane fouling
takes place, and what is actually fouling the membranes. I analyzed the membranes
after use and after cleaning, and studied the development of fouling during filtration.
Finally, I investigated new ways of cleaning fouled membranes in an environmentally
friendly way.
My work showed that a group of compounds found in the solution obtained from
mechanical pulping at high temperatures, became attached to the membrane surface
forming a thin layer. This layer grew over time and other components became incor-
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porated into it. These compounds also entered the pores of the membranes. Rinsing
with water removed most of the fouling, but a very thin layer remained. It was possible to remove this remaining fouling with an environmentally friendly mixture of
enzymes, followed by cleaning with an alkaline cleaning agent.
My vision is that this research will improve membrane processes in lignocellulosic
biorefineries, making it more attractive to implement them. This would constitute
an important contribution in the transformation of society from a fossil-based to a
sustainable bio-based one.
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Populärvetenskaplig sammanfattning
Omvandla samhället med biobaserade produkter: det är viktigt att behärska
separationsprocessen
Övergången till en cirkulär, fossilfri ekonomi är den viktigaste prioriteringen för många
forskare inom ingenjörsvetenskap världen över, av nödvändighet. Vi behöver alla möjliga
bidrag för att förebygga den klimatkris vi står inför. Att producera nya biobaserade produkter från trä är ett sådant bidrag. Vi kan utvinna värdefulla föreningar ur trä tack vare
en process som kallas membranfiltrering.
Låt oss skapa nya material från trä
För att utnyttja alla värdefulla föreningar i trä måste det brytas ner till dess kemiska
byggstenar. Industriella anläggningar för denna process finns redan i form av massafabriker som producerar råvaror för pappers-, kartong- och textiltillverkning. Genom
att införa membranteknik i massafabrikerna förvandlas de till lignocellulosabaserade
bioraffinaderier”, vilket gör det möjligt för oss att utvinna ännu fler användbara kemikalier som annars skulle gå till spillo. Det arbete som presenteras i denna avhandling
hjälper lignocellulosabioraffinaderier att komma ett steg närmare en cirkulär ekonomi, men processen kräver avancerad teknik.
Under bearbetningen av trä löser sig en del av dess kemiska beståndsdelar i vatten. En
av utmaningarna är att extrahera och koncentrera dessa föreningar för vidare användning. Ett effektivt och energisnålt sätt att göra detta är att använda membranfiltrering.
Membran är mycket täta filter som kan användas för att separera molekyler i en lösning baserat på deras storlek, på ungefär samma sätt som ett filter används för att
hålla tillbaka malda kaffebönor när man gör filterkaffe, men i mycket mindre skala.
Det största problemet med att använda membran för denna uppgift är att de tenderar att bli igensatta under filtreringen. Detta brukar kallas “membranförorening”.
“membranförorening”.
En närmare titt på problemet och hur det kan lösas
Jag har studerat nedsmutsning och rengöring av membran i bioraffinaderier för lignocellulosa. Jag har använt ett antal analytiska metoder för att förstå varför och hur
membranen blir nedsmutsade och vad som faktiskt smutsar ner membranen. Jag analyserade membranen efter användning och efter rengöring och studerade utvecklingen
av nedsmutsning under filtrering. Slutligen undersökte jag nya sätt att rengöra förorenade membran på ett miljövänligt sätt. Mitt arbete visade att en grupp föreningar, som
finns i den lösning som erhålls vid mekanisk massaförbränning vid höga temperaturer, fastnade på membranytan och bildade ett tunt skikt. Detta skikt växte med tiden
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och även andra komponenter inkorporerades i det. Dessa föreningar trängde också in
i membranens porer. Sköljning med vatten avlägsnade det mesta av nedsmutsningen,
men ett mycket tunt skikt fanns kvar. Det var möjligt att avlägsna denna kvarvarande beläggning med en miljövänlig blandning av enzymer, följt av rengöring med ett
alkaliskt rengöringsmedel. Min vision är att denna forskning kommer att förbättra
membranprocesserna i bioraffinaderier för lignocellulosa, vilket gör det mer attraktivt att genomföra dem. Detta skulle utgöra ett viktigt bidrag till omvandlingen av
samhället från ett fossilbaserat till ett hållbart biobaserat samhälle.
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Populärwissenschaftliche Zusammenfassung
Die Beherrschung von Trennverfahren ist entscheidend für die Umstellung
auf erdölfreie Produkte
Der Übergang zu einer kreislauf, nicht-Erdöl-basierten Wirtschaft ist für viele WissenschaftlerInnen innerhalb den Ingenieurwissenschaften weltweit das Hauptziel, und zwar
aus der Not heraus. Wir brauchen jeden möglichen Beitrag, um die uns bevorstehende
Klimakrise zu verhindern. Die Herstellung von neuen erdölfreien Produkten aus Holz ist
ein solcher Beitrag. Dank eines Verfahrens, das sich Membranfiltration nennt, können wir
wertvolle Verbindungen aus Holz extrahieren.
Lasst uns neue Werkstoffe aus Holz herstellen
Um alle wertvollen Verbindungen im Holz zu nutzen, muss es in seine chemischen
Bausteine zerlegt werden. Industrielle Anlagen für diesen Prozess gibt es bereits in
Form von Zellstofffabriken, die Rohstoffe für die Papier-, Karton- und Textilproduktion herstellen. Durch den Einsatz von Membranverfahren in Zellstofffabriken
werden diese zu “Lignozellulose-Bioraffinerien” umgewandelt, wodurch weitere nützliche Chemikalien gewonnen werden können, die sonst als Abfall enden würden. Die
in dieser Dissertation vorgestellten Studien helfen Lignozellulose-Bioraffinerien einer
vollständigen Kreislaufwirtschaft einen Schritt näher zu kommen, allerdings benötigt
der Prozess moderne Technologie.
Bei der Verarbeitung von Holz lösen sich einige seiner chemischen Bestandteile in
Wasser auf. Eine der Herausforderungen besteht darin, diese Verbindungen für die
weitere Verwendung zu extrahieren und zu konzentrieren. Ein effizienter und energiesparsamer Weg, dies zu tun, ist die Membranfiltration. Membranen sind sehr dichte
Filter, mit denen kleinste Chemikalien in einer Lösung nach ihrer Größe getrennt
werden können, ähnlich einem Filter der zum Zurückhalten von gemahlenen Kaffeebohnen bei der Herstellung von Filterkaffee verwendet wird, nur in einem wesentlich
kleineren Maßstab. Das größte Problem bei der Verwendung von Membranen für
diese Aufgabe ist, dass sie dazu neigen, während der Filtration zu verstopfen. Dies
wird gewöhnlich als “Membranverschmutzung” bezeichnet.
Ein genauerer Blick auf das Problem und wie es gelöst werden kann
Ich habe die Verschmutzung und die Reinigung von Membranen in LignocelluloseBioraffinerien untersucht. Hierbei verwendete ich eine Reihe von Analysetechniken,
um zu verstehen, warum und wie die Verschmutzung von Membranen stattfindet und
was genau die Membranen eigentlich blockiert. Dazu analysierte ich die Membranen
nach Gebrauch und nach der Reinigung und erfoschte den Einfluss und die Entwick-
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lung der Verschmutzung direkt während der Filtration. Schließlich untersuchte ich
neue Wege, um verschmutzte Membranen auf umweltfreundliche Weise zu reinigen.
Meine Arbeit zeigt, dass sich eine Gruppe von Verbindungen, die sich während des
mechanischen Aufschluss von Zellstoff bei hohen Temperaturen im Prozesswasser
löst, an der Membranoberfläche festsetzt und eine dünne Schmutzschicht bildet. Diese Schicht wuchs mit der Zeit und weitere Komponenten wurde eingebaut. Außerdem
drangen Schmutzstoffe in die Poren der Membranen ein. Spülen mit Wasser entfernte den größten Teil der Verschmutung, aber eine sehr dünne Schmutzschicht blieb
zurück. Diese verbleibende Schicht konnte mit einer umweltfreundlichen Enzymmischung gefolgt von einer Reinigung mit einem alkalischen Reinigungsmittel entfernt
werden.
Meine Vision ist, dass diese Arbeit Membranverfahren in LignozelluloseBioraffinerien verbessert und damit deren Einsatz attraktiver macht. Dies wäre
ein wichtiger Beitrag zur Transformation der Gesellschaft von einer erdölbasierten zu
einer nachhaltigen erdölfreien Gesellschaft.
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1

Introduction

We are facing a climate crisis, and must develop new chemical processes that are sustainable for both us and the planet. The greatest problem is our current dependency
on fossil-based products, and to overcome this, we must improve and develop products and processes that are based on non-fossil resources, namely, biomass. An important part of this transformation is the conversion of pulp and paper mills into lignocellulosic biorefineries that utilize non-fossil biomass for the simultaneous production
of fibers, novel biochemicals, and energy [1]. Figure 1.1 illustrates such a plant. The
main compounds found in lignocellulosic materials such as wood are cellulose, lignin,
hemicelluloses, extractives, inorganics, and water. These must be separated from the
process stream for further processing. Separation processes in mature chemical processes currently account for 60–80% of the process costs [2]. In the US, they account
for 45–55% of the total energy demand; 80% of this being used in thermal separation
processes [3]. Highly selective, electrifiable, and low-energy-demanding separation
technologies are therefore key for the complete and economically feasible utilization
of the valuable compounds found in wood [4].

Figure 1.1

1.1

Illustration of a lignocellulosic biorefinery.

Lignocellulosic biorefineries and membrane processes

Membrane technology fulfills the requirements described above. For example, separation with membrane processes requires 90% less energy than separation by distillation
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[3]. The pressure-driven membrane processes, microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO) are especially suitable, and have
already been investigated in various processes in lignocellulosic biorefineries on both
pilot and industrial scale [5–10]. However, bio-based process streams are very complex, and often cause severe membrane fouling. Figure 1.2 visualizes this challenge.

Figure 1.2

Illustration of membrane fouling in a lignocellulosic biorefinery.

Membrane fouling is defined as, “a process resulting in loss of performance of a membrane due to the deposition of suspended or dissolved substances on its external surfaces, at its pore openings, or within its pores” [11]. Fouling reduces the filtration
capacity, changes the selectivity and cut-off, and shortens the membrane lifetime,
thus increasing the operational costs of the process. Membrane fouling can be overcome by regular membrane cleaning, although this is sometimes not sufficient, and
the fouled membranes must be replaced. It is therefore important to have a comprehensive understanding of the processes leading to membrane fouling in order to
ensure that the process is economically feasible. Membrane fouling can be studied
after filtration, when the membrane is removed from the module (ex situ) or directly
during the filtration process (in situ and in real time). Novel, energy- and resourceefficient membrane processes and cleaning strategies can then be developed based on
the knowledge gained through such investigations.

1.2

Aim and outline of this thesis

The aim of the work presented in this thesis was to gain in-depth knowledge on membrane fouling and membrane cleaning during UF processes in lignocellulosic biorefineries. The objectives were: 1) to identify suitable methods for the characterization
of membrane fouling and cleaning, focusing on real-time monitoring; 2) to understand the underlying processes leading to membrane fouling with the help of the
methods identified; and 3) to investigate ways of improving membrane cleaning.
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The UF of thermomechanical pulping process water was used as the reference system
for the investigation of process streams from other pulp and paper processes. The main
experimental focus was on elucidating the adsorption mechanisms of hemicelluloses
and extractives, two dominant foulants in the process streams investigated.
Membrane fouling and cleaning were studied using surface characterization methods,
and analysis of the chemical composition of the fouling layer, and its impact on the
inner structure of the membrane. These studies were complemented with in situ realtime monitoring of adsorptive fouling by quartz crystal microbalance with dissipation
monitoring (QCM-D).
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2

The Interplay between
Membrane Fouling and
Membrane Cleaning

Membrane filtration is a unit operation used in chemical engineering for the separation of liquids or gases. The membrane is a semi-permeable barrier that concentrates
larger compounds of the feed in the retentate, while allowing smaller compounds to
pass through and be collected in the permeate. Membrane processes have several advantages over other separation processes such as evaporation, centrifugation, drying,
and filter pressing. Apart from being energy-efficient and highly selective, they can be
operated continuously, at moderate temperatures and without additives, often without phase change, and have a modular design allowing easy scale-up and extension
[4]. This is why membrane processes are already in use in a wide range of industrial
applications such as food production, biological and chemical processing, and water
and wastewater treatment. The various kinds of pressure-driven membrane processes
are introduced in Section 2.1, followed by a discussion on the theoretical approaches
that can be used to interpret flux data with regard to membrane fouling in Section 2.2.
The most important potential foulants in process streams from lignocellulosic biorefineries are then discussed in Section 2.3. The chapter concludes with an overview of
membrane cleaning and brief descriptions of typical cleaning approaches in Section
2.4.

2.1

Pressure-driven membrane processes

The most common type of membrane processes are the pressure-driven processes MF,
UF, NF, and RO, where an external pressure is applied to separate the solution into
a fraction with a low concentration of compounds (the permeate) and a fraction with
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a high concentration of compounds (the retentate). These processes are commonly
categorized by the pore size, or the molecular weight cut-off (MWCO) of the membranes used. MF membranes have the most open pores, and the MWCO becomes
successively smaller in UF, NF, and RO, as can be seen in Table 2.1. The operating
pressure is increased with decreasing MWCO.
Table 2.1 Overview of typical process conditions and characteristics of pressure-driven
membrane processes [12]

Operating pressure
(bar)

Pore size
(nm)

Nominal MWCO
(Da)

Application

MF
UF

<2
1–10

> 100
1–100

>1000

NF
RO

5–40
30–100

0.5–2
-

200–1000
< 200

Cold sterilization
Protein and water
purification
Water softening
Desalination

Pressure-driven membrane filtration can be performed in perpendicular (dead-end)
or tangential (cross-flow) mode, as illustrated in Figure 2.1. In dead-end mode, the
retained compounds usually accumulate on the membrane surface forming a filter
cake that increases in thickness during the course of filtration. In cross-flow mode,
the feed flows tangentially over the membrane leading to higher shear forces that
reduce or eliminate the build-up of a filter cake and improving the filtration capacity
and product quality.
(A)

(B)

Figure 2.1
[13].)

Illustration of dead-end filtration (A) and cross-flow filtration (B). (Adapted from

In the research presented in this thesis, UF was investigated in both modes, mainly
with the commercial UF membrane UFX5-pHt (Alfa Laval, Denmark). This membrane was used in the studies described in Papers II, III, Iv, and v. This is an asymmetric membrane consisting of a thin polysulfone (PSU) skin layer and a polypropylene
non-woven support layer, and has a nominal MWCO of 5 kDa. The PSU is modified so that the skin layer is permanently hydrophilized, which causes a relatively low

6

contact angle in the range 81◦ [14] to 51◦ (Paper Iv). This membrane has a maximum operating pressure of 15 bar, and a maximum operating temperature of 75◦ C.
Figure 2.2 shows an image of a cross-section of a pristine UFX5-pHt membrane obtained with X-ray micro-computed tomography (mCT) (Figure 2.2A) and an image
of the surface of the membrane obtained with scanning electron microscopy (SEM)
(Figure 2.2B). Other UF membranes used in this work were GR95PP (Alfa Laval,
Denmark), a polyethersulfone (PES) membrane with a MWCO of 2 kDa; UP010
(Microdyn-Nadir, Germany), a PES membrane with a MWCO of 10 kDa (Paper
III); and ES404 (PCI Membranes, now part of Filtration Group, UK), a PES membrane with a MWCO of 4 kDa (Paper vI). These membranes are also asymmetric,
consisting of a skin layer on a porous non-woven support layer. The support layer is
made of polypropylene in the GR95PP and UP010 membranes. The support layer
of the ES404 membrane is proprietary information of the company.
(A)

(B)

Figure 2.2 (A) Image of the cross-section of a pristine UFX5-pHt membrane obtained with
mCT. The first 50 μm is the skin layer, and the porous structure below is the unwoven support.
(B) Image of the surface of the membrane obtained with SEM.

2.2

Flux and membrane fouling

The filtration capacity, expressed as the flux, J, or permeability, P, is one of the three
most important parameters in membrane processes. The other two are the selectivity
of the membrane and the degree of membrane fouling. Darcy’s law states that the
flux is proportional to the applied pressure difference. In pressure-driven membrane
processes, this difference is called the transmembrane pressure (TMP), and is the difference between the average of the pressure on the feed side, pfeed , and the pressure
on the retentate side, pret , minus the pressure on the permeate side, pperm (Eq. 2.1).
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TMP =

pfeed − pret
− pperm
2

(2.1)

In a pure solvent system, the entire TMP drives the separation process, and only the
hydraulic resistance of the membrane, Rm , works against it. The hydraulic resistance
of a membrane can be measured empirically and depends on the characteristics of the
membrane, including the pore size distribution and the membrane porosity. Based
on Darcy’s law, and considering the dynamic viscosity of the solvent, μ, the flux, J,
can be defined as in Eq. 2.2.
J=

TMP
μRm

(2.2)

When a solution is filtered, the net driving force is (TMP - ∆π) where ∆π is the
osmotic pressure difference across the membrane. Retained solutes accumulate at the
membrane surface due to the convective transport of solvent and solutes towards the
membrane by the TMP, resulting in a concentration gradient in a boundary layer
at the membrane surface. This phenomenon is known as concentration polarization
(CP), and is counterbalanced by the diffusion of solutes back into the bulk phase.
CP is unavoidable, but can be reversed by the elimination of the convective transport
(TMP and/or J). The impact of CP can be reduced by increasing the shear rate near the
boundary layer. CP is mathematically described by the film model (Eq. 2.3), where
cm is the concentration in the boundary layer just above the membrane surface, cb the
concentration in the bulk phase, cp the concentration in the permeate, and k the mass
transfer coefficient for the diffusion of solutes from the boundary layer into the bulk
phase. The coefficient k depends on the operating parameters, such as the filtration
temperature and the cross-flow velocity (CFV), but also on the characteristics of the
solution, such as its density and viscosity.
J = k ln

cm − cp
cb − cp

(2.3)

Another effect that has a more serious impact on membrane filtration is membrane
fouling. Several fouling phenomena can be distinguished: adsorption, pore blocking,
and cake or gel layer formation (Figure 2.3). Both CP and membrane fouling lead
to an increase in resistance, thus reducing the membrane flux, and hence its capacity.
Eq. 2.2 can be extended to include the resistance due to reversible fouling, Rrev ,
and irreversible fouling, Rirrev , leading to the resistance-in-series model (Eq. 2.4).
Reversible fouling occurs during operation, but disappears after switching from the
feed solution to pure solvent. This includes CP, but could also include resistance due
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to cake or gel layer formation. Irreversible fouling is the result of adsorption and pore
blocking and may be removed by membrane cleaning.

Figure 2.3
from [13].)

Schematic illustration of various types of fouling in membrane filtration. (Adapted

J=

TMP − ∆π
μ(Rm + Rrev + Rirrev )

(2.4)

Plotting the flux as a function of TMP reveals several important points. During the
filtration of a pure solvent, the flux increases linearly with TMP. However, if the
feed contains solutes, the flux will stop increasing at a certain TMP and level off
(Figure 2.4). At this point, the process has reached its so-called limiting flux [15].
This is the result of CP and/or fouling, and cannot be overcome by simply increasing
the pressure/TMP. However, the limiting flux can be increased by increasing the shear
force or the temperature, or reducing the concentration of the solute in the feed. The
flux at which the curve starts to deviate from linearity is known as the critical flux
[16] and indicates the onset of fouling.
It is important to understand the type of fouling in order to prevent or reduce it. Based
on the type of fouling, decisions can be made on which membrane and operating
conditions will give the best filtration performance. Hermia developed an approach
to identify the type of fouling in dead-end filtration [17], but it was later shown that it
could also be applied to the early stage of cross-flow filtration (see, for example [18]).
The generalized Hermia model is stated in Eq. 2.5 [17], or modified focusing on the
flux as in Eq. 2.6 [16], with K as the phenomenological coefficient in s/m2 .
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Schematic flux curves illustrating limiting and critical flux.

d2 t
dt
= K( )n
dV2
dV

(2.5)

dJ
= −KJ3−n
dt

(2.6)

Hermia distinguished between four types of membrane fouling, and the parameter n
changes depending on the dominating type of fouling, as given in Table 2.2. Complete blocking describes the fouling where one foulant blocks the membrane pores and
no other foulant can settle on top of that foulant. This leads to a decrease in the active
membrane surface. Standard blocking is the term used to describe the adsorption of
foulants on the pore walls. The volume of the pores decreases proportionally with the
volume of solution filtered, and the cross-sectional area of the membrane pores thus
decreases with time. Standard blocking is caused by foulants that are much smaller
than the pores. Intermediate blocking describes pore blocking by a foulant when
other foulants can settle on top, which means that not every foulant compound that
arrives at the membrane blocks a pore. Hence, the probability of a foulant blocking
a pore decreases continuously with time. This type of fouling occurs when the size of
the foulant is similar to the size of the pores. Cake or gel layer formation takes place
when the foulant is larger than the pores and cannot penetrate the membrane, but is
instead deposited on the membrane surface.
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Table 2.2 Types of fouling and the value of the characteristic model constant, n, for the four
fouling mechanisms according to Hermia [17]

2.3

Fouling type

n

Complete blocking
Standard blocking
Intermediate blocking
Cake/gel layer formation

2
1.5
1
0

Potential foulants in process streams of lignocellulosic
biorefineries

Process streams in lignocellulosic biorefineries contain compounds with a wide range
of particle size and/or molecular weight, many of which may act as foulants. Key
foulants in process waters from lignocellulosic biorefineries are cellulose fibers, lignin,
wood polysaccharides such as hemicelluloses, wood extractives, proteins, and inorganic compounds. Examples of membrane fouling in membrane processes in the
biorefinery sector are presented in Table 2.3. Biological fouling in the form of biofilm
formation is usually not a major concern due to the harsh conditions prevailing (extreme pH and high temperatures). The concentrations of potential foulants vary depending on the wood species, the pulping process, and the chemical additives. For
example, in mechanical pulping, 2–5%(w/w) of the wood biomass is dissolved in
the process water [19]. The dissolved compounds are mostly hemicelluloses, lignin
and lignans [20]. Wood extractives typically do not dissolve but instead often form
colloids droplets [21].
In this work, mainly process water from thermomechanical pulping of spruce (from
the Stora Enso Kvarnsveden Mill, Sweden) was used as the fouling solution (Papers
II, III, Iv, and v). The composition of this process water is presented in Table 2.4,
where total dry solids includes all compounds that did not evaporate at 100◦ C, and
ash represents inorganic compounds such as Na, Mg, or Si that were not incinerated
during the analysis. The process water had a pH of 4.5.
Other process streams used in this work are black liquor from Kraft processing of a
mixture of hardwood and softwood (Smurfit Kappa Piteåmill, Sweden), pressurizedhot water extract from spruce sawdust (Mustola Timber, Finland), both Paper III,
and bleach plant effluent from sulfite pulping of softwood (Stora Enso Nymölla mill,
Sweden)(Paper vI). All the process streams investigated contained the common wood
compounds hemicelluloses, extractives, and lignin, which often cause fouling. Each
of these compounds will be described in more detail below.
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Table 2.3 Reported examples of fouling types, fouling mechanisms, and main foulants in membrane processes employed in the biorefinery sector (adapted from Paper I, originally modified
from [22] and [23])

Process

Membrane
type

Fouling
type

Mechanism

Main
foulant

Lignin recovery

MF, UF, NF

Organic

Lignin,
extractives

Hemicelluloses recovery
Inhibitor removal
Enzyme recovery

MF, UF, NF
NF
MF, UF

Organic
Organic
Organic

Cake/gel layer,
pore blocking,
adsorption
Cake/gel layer
–
Cake/gel layer

Algae harvesting

UF

Biofouling
Organic

Cake layer
Adsorption

Acetic acid production

MF, UF

Biofouling

Deposition

MF, UF
MF
MF, UF, NF
MBR

Organic
Biofouling
Inorganic
Organic
Biofouling

Pore blocking

Biogas production
Bio-oil production
Biodiesel production
Effluent, sludge, and
wastewater treatment

Organic

Cake/gel layer,
pore blocking

Inorganic

Cake layer

Cake layer
Pore blocking

Hemicelluloses
Sugars or inhibitors
Enzymes, lignocellulosic particles
Algae
Algogenic organic
matter
Microorganisms and
fermentation broth

Char
Glycerol agglomerates
EPS, SMPs,
flocs, bacteria
Colloidal particles,
proteins, polysaccharides, humic acids
Ca, Al, Ba
and Fe salts

MBR: Membrane bioreactor, EPS: Extracellular polymeric substances, SMP: Soluble microbial
products
Table 2.4 Compositional characteristics of process water from thermomechanical pulping of
spruce (analyzed according to [24, 25])

Solution

Process water
Retentate
Permeate

2.3.1

Total dry
solids

Ash

Total
sugars

Acidsoluble
lignin
(g/L)

Total
lignin

Extractives

(g/L)

Acidinsoluble
solids
(mg/g)

(mg/g)

(mg/g)

(g/L)

(mg/L)

6.35
7.68
5.53

1.85
0.34
1.51

0.63
4.02
0.59

0.35
1.40
0.37

2.61
0.72
2.73

0.88
1.13
0.90

19.9
615.2
10.5

Hemicelluloses

Hemicelluloses are wood polysaccharides with different chemical compositions and
molecular sizes. They are the most abundant polysaccharides in lignocellulosic
biomass after celluloses. For example, spruce stem wood contains, 10–25%(w/w)
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hemicelluloses [26]. The composition of hemicelluloses depends on the type of
biomass. The most common forms are (O-acetyl) galactoglucomannan (GGM), and
arabinoglucuronoxylan; other forms include arabinogalactan, xyloglucan, glucans and
pectins [27–29].
The most common form of hemicellulose in thermomechanical pulping process water
from softwood such as spruce is GGM. Figure 2.5 shows the chemical structure of a
unit of GGM. Generally, two types of GGM can be distinguished: one with a high
galactose content (with a galactose:glucose:mannose ratio of about 1:1:3), and one
with a low galactose content (galactose:glucose:mannose ratio of about 0.1:1:3) [30].
The latter type is also referred to as glucomannan due to its low galactose content.

Figure 2.5

A single unit of GGM, a common hemicellulose in softwood.

GGM is composed of a backbone of (1→4) linked β-D-mannose and β-D-glucose
units, and its degree of polymerization is 100 to 150, corresponding to a MW of
16 kDa to 24 kDa [30–32], however GGM can also have a MW of up to 490 kDa
[33]. The determined MW of GGM depends strongly on the measurement method.
This hemicellulose contains side groups of α-D-galactose units attached to some of
the mannose in the backbone through (1→6) linkages [26, 30]. Some of the mannose
units are O-acetylated at the C2 and C3 positions [34]. Both the galactose side groups
and the acetyl groups contribute to the good solubility of GGM in water [20]. The
high amount of galactose side groups is the reason why GGM with the high galactose
content is even more soluble in water than glucomannan [30].

2.3.2

Wood extractives

Wood extractives, also known as wood resin, are a large group of hydrophobic, i.e.,
lipophilic, compounds that are soluble in natural organic solvents. They are regarded
as non-structural wood constituents of low MW. Less than 10%(w/w) of dry wood
usually consists of extractives [26], and around 75%(w/w) of the total extractives
can be transferred into water during wood processing. Extractives can be roughly
divided into five groups: 1) fatty acids, 2) resin acids, 3) sterols, 4) steryl esters, and
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5) triglycerides. The chemical structures of typical compounds of each group are
presented in Figure 2.6.

O

Linoleic acid
(fatty acid)
Hydroxymatairesinol
(lignan)

Sitosterol
(sterol)

O

O
O

O

Dehydroacetic acid
(resin acid)

Sitosteryl ester
of oleic acid
(steryl ester)

O
O

O
O

Figure 2.6

Glyceryl trilinoleate
(triglyceride)

Chemical structures of compounds from typical wood extractive groups.

Only 5% of the extractives exists in dissolved form in thermomechanical pulping process water [21]; the remainder forming colloidal droplets. The core of these droplets
consists of the most hydrophobic compounds, steryl esters and triglycerides, while free
fatty acids, resin acids, and sterols create a thin layer around the core [35]. Carboxyl
groups of fatty acids and resin acids are orientated towards the aqueous phase, allowing hydrogen bond formation on the surface of the droplets, making them electrostatically stabilized [35]. Furthermore, they are sterically stabilized by hemicelluloses
or other dissolved compounds. Especially GGM acts as a stabilizer as it attaches on
the surface of colloidal droplets [34]. This prevents the aggregation of the colloidal
droplets with salts such as NaCl or CaCl2 at acidic or neutral pH [7]. A schematic
illustration of such a stabilized colloidal droplet is given in Figure 2.7. In thermomechanical pulping process water, the droplets have a spherical shape with an average
diameter of 0.6 μm (range of 0.1–2 μm) [21, 36].

2.3.3

Lignin

Lignin is mainly responsible for the strength of lignocellulosic biomass and its resistance to biological and environmental degradation. It surrounds the cellulose fibrils
and binds covalently to wood polysaccharides, thereby protecting the wood fibers.
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Figure 2.7
by GGM.

Schematic illustration of a droplet of colloidal wood extractives sterically stabilized

Lignin is a large, highly heterogeneous polyphenolic polymer. It is made up of three
types of cross-linked monomers, also known as the three monolignols: p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol. The chemical structure of the monolignols is shown in Figure 2.8. The individual composition and structure of lignin
polymers depends on the type of wood. The typical MW of lignin polymers in
thermomechanical pulping process water from spruce is 2 kDa [37].

Figure 2.8

Chemical structure of the three types of monolignols making up lignin.

Lignin is often found covalently bound to hemicelluloses in the form of lignin–
carbohydrate complexes in the process streams of lignocellulosic biorefineries [38].
Common linkages in these complexes are benzyl ether, benzyl ester and phenol glycosidic [39]. However, they are quickly hydrolyzed under acidic conditions. Therefore,
lignin–carbohydrate complexes are found, for example, in black liquor from Kraft
pulping, but they are hydrolyzed under the acidic conditions of process water from
thermomechanical pulping.

2.4

Membrane cleaning

Fouled membranes must be cleaned. The point in time when membrane cleaning is
required depends highly on the process. However, there are some rules of thumb: 1)
when the normalized permeate flow has fallen by 10–15%; 2) when the normalized
permeate quality has decreased by 10–15%; or 3) when the normalized pressure drop
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over the membrane has increased by 10–15% [40].
Membrane cleaning can be performed in several ways, for example, mechanically by
forward flushing, backward flushing, or by pulling foam balls through the feed channels [41]. Forward flushing means that the feed side of the membrane is rinsed with
the solute or permeate at an elevated CFV. In backward flushing, the filtration process is reversed, and permeate is forced from the permeate side through the membrane
back into the feed/retentate side. However, backward flushing is often not suitable for
composite membranes and spiral wound modules. In such cases, or if flushing does
not restore the capacity and/or selectivity of the membrane, chemical cleaning must
be performed. Depending on the type of fouling, the membrane is soaked or flushed
at a high CFV with an acidic or alkaline solution, usually at elevated temperatures.
The success of chemical cleaning depends on the type of fouling and the foulants, the
concentration and composition of the cleaning agent, the duration of cleaning, the
temperature, and the fluid mechanics in the module.
Cleaning agents change the pH, and typically contain surface-active agents, sequestering agents, and disinfectants [41]. Alkaline cleaning is often performed with an agent
based on sodium hydroxide (NaOH) or sodium hypochlorite (NaOCl) and is usually
applied to remove organic fouling. Acidic cleaning is typically used to remove scaling,
which is the kind of fouling caused by the precipitation of inorganic compounds, as
these are generally more soluble in acidic solutions. Acidic cleaning is often performed
with agents based on hydrochloric acid (HCl), phosphoric acid (H3 PO4 ), or sulfuric
acid (H2 SO4 ). In general, the formation of hypochlorite (ClO – ) during cleaning, as
with NaOCl cleaning, should be avoided due to concerns regarding the generation of
toxic halogenated by-products [42].
In general, chemical membrane cleaning leads to the risk of membrane aging, and
thus membrane lifetime reduction [43–46]. In this work, the membranes were conditioned and cleaned with a 1% solution of the alkaline cleaning agent Ultrasil 10
(Ecolab, Germany) at 50◦ C, either by soaking (Papers II and III), or at 2 bar
TMP (Papers Iv and v), or soaking in a 2% solution of the alkaline cleaning agent
BanUltra 17 (Banmark, Finland) at 50◦ C (Paper vI).
To avoid or minimize the need for chemical cleaning, milder approaches such as enzymatic cleaning have been investigated in several industrial applications [47–51],
including the cleaning of UF membranes used to treat Kraft pulping effluent in a
lignocellulosic biorefinery [52]. Enzymatic cleaning does not require elevated temperatures or extreme pH and, in the ideal case, targets only specific foulants. However,
the enzyme concentration is critical, as enzymes are still relatively costly compared to
chemicals such as NaOH. Another important parameter when using this approach is
the duration of cleaning [41].
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Alkaline cleaning was compared with milder enzymatic cleaning using an enzyme
cocktail of six commercially available enzymes from different classes (Paper II). The
classes were β-glucanase, cellulase, mannanase, xylanase (all polysaccharide-degrading
enzymes), lipase (a lipid-degrading enzyme), and cutinase (a hydrolase acting on carboxylic ester bonds). The concentration of each enzyme was 0.1%(w/v) in a citrate
buffer with pH 5.8.
Regardless of the cleaning agent used, the membrane plant must be flushed with several system volumes of solvent, typically water, to remove any residual cleaning agent.
This, together with the time needed for the actual cleaning process and the occasional
replacement of an aged membrane, leads to significant production time losses and resource usage. The production down time resulting from membrane cleaning has been
roughly estimated to be equivalent to 5–20% of the capital cost of the membrane
plant, while the cost of replacing membranes was roughly estimated to be 2–5% of
the capital cost of the membrane plant [53]. Thus, membrane cleaning is a trade-off
between cleaning frequency, production efficiency, and membrane lifetime, and if
performed appropriately can save time and money.

17

3

Methods of Membrane
Characterization in
Lignocellulosic Biorefineries

Membrane processes have been [41], and are still often designed, run or improved,
based on time-consuming trial-and-error studies [54, 55], experience or rules of
thumb. Flux measurements, in combination with feed, permeate, and retentate analysis, are often used to select a membrane that best meets the demands on the three
decisive parameters: high capacity, high selectivity, and low fouling tendency, for a
particular process. Only occasionally are membranes characterized in detail to obtain
an understanding of the causes of fouling during filtration, or to tailor membrane
cleaning to the foulants in question. However, detailed knowledge on the changes in
the membrane during operation is required to optimize the filtration process. When a
membrane is characterized with methods other than flux measurements, it is often removed from the module after filtration and analyzed ex situ in a so-called “membrane
autopsy”. Various analytical techniques can be used for this type of characterization,
ranging from imaging techniques such as microscopy or tomography, analysis of the
surface charge or porosity of the membrane, to chemical analysis of the fouling layer
with methods such as spectroscopy, extraction in combination with chromatography,
or dyeing.
The characterization of membrane fouling in membrane processes related to lignocellulosic biorefineries with ex situ techniques, in addition to flux measurements,
started in 1995. Figure 3.1 presents the reported techniques employed for this task.
Over the years, fouling analysis has become more complex and it is now common to
employ more than one analytical technique when investigating membrane fouling in
lignocellulosic biorefineries. The most often reported techniques are SEM, attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), energydispersive X-ray spectroscopy (EDS), and water contact angle (CA) measurements.
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Total number of publications
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SEM
AFM
FTIR
EDS
Extraction with
further analysis
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Zeta potential
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5
0
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Year of publication
Figure 3.1 Overview of the methods reported in publications on ex situ fouling analysis of
membranes used for the filtration of process streams from pulp and paper mills (lignocellulosic
biorefineries) over the past 25 years. Studies in which only flux analysis was performed have
been excluded. Methods were only considered if they had been applied at least three times.
AFM = atomic force microscopy, CA = contact angle measurements, EDS = energy-dispersive
X-ray spectroscopy, SEM = scanning electron microscopy. (Data based on [7, 52, 56–81].)

A more direct way of obtaining an understanding of the processes leading to changes
in a membrane during operation, is to monitor the development of fouling and the
effect of cleaning directly on the membrane in real time. Monitoring of membrane
fouling processes is especially interesting since irreversible fouling often starts with
early-stage adsorption of foulants on the membrane, and cannot always be detected
by a reduction in flux [46] as stated in Section 2.2. Furthermore, CP, adsorptive fouling, pore blocking, or cake and gel layer formation can have a cumulative effect on the
membrane performance. Imaging of membrane fouling ex situ usually allows higher
resolution, and ex situ chemical analysis of the fouling layer is quite well-established,
but it provides no information on early-stage fouling, the compositional changes in
the fouling layer during the process, or the contribution of different foulants, or cleaning agents, to the development of the fouling layer over time.
Typical approaches that can be used for monitoring membrane processes while in operation are presented in Figure 3.2. In the context of this work, in situ real-time monitoring consisted of either the introduction of a probe into the membrane module (invasive) or monitoring of the process through the module (non-invasive). In-line monitoring describes the continuous analysis of feed, retentate and/or permeate streams.
Both, in situ and in-line monitoring can be grouped together under the term online
monitoring. At-line monitoring necessitates sampling followed by sample analysis,
and is therefore fundamentally different from online monitoring. The main advantage
of in situ real-time monitoring is that fouling and cleaning can be precisely monitored
where and when it takes place.
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Figure 3.2 Schematic overview of approaches that can be used for monitoring membrane
processes (adapted from Paper II.)

Several in situ real-time monitoring techniques can provide information on the chemical composition and structure of the fouling layer at a specific position, over a certain
area, or for the whole module. A range of analytical techniques have been applied for
the investigation of membrane fouling in processes related to lignocellulosic biorefineries (Figure 3.3). However, they have only been applied more widely in recent
years. The most often applied methods are fluid dynamic gauging (FDG) and Raman
spectroscopy. Other methods that have been used more than once are ultrasonic time
domain reflectometry (UTDR), and null ellipsometry.
Total number of publications

15
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Raman spectroscopy
Electrical resistance
SPR
FDG
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Year of publication
Figure 3.3 Overview of the methods reported in publications on membrane fouling monitoring
in processes related to pulp and paper mills (lignocellulosic biorefineries) over the past 25 years.
FDG = fluid dynamic gauging, SPR = surface plasmon resonance spectroscopy, UTDR = ultrasonic
time domain reflectometry. (Data based on [62, 64, 76, 77, 80–88].)

In the work presented in this thesis, the impact of membrane fouling and the success
of membrane cleaning is evaluated ex situ and is described in Section 3.1. Results of
a survey amongst industrial membrane users and analytical equipment suppliers on
the status of in situ monitoring of membrane fouling in industry are presented, and
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QCM-D as a promising technique for monitoring of membrane fouling in lignocellulosic biorefineries is discussed in Section 3.2.

3.1

Ex situ analysis of membranes

The membrane surface (Paper II) and the cross-section of membranes were visually assessed using SEM (Paper vI) The membrane samples were first dried and then sputter
coated with a platinum-gold mixture. To achieve a straight cut line for cross-sectional
images, the membrane sample was dipped in liquid nitrogen and then broken. Although SEM only provides information on a small area of the sample, it is a relatively
fast method of obtaining a first impression of the fouling status, as it enables qualitative evaluation of the fouling. A disadvantage of SEM is that sample preparation
leads to changes in the structure of the fouling layer. In addition, it is very difficult
to distinguish different types of foulants from each other based on microscopic examination. A much more detailed view at greater magnification, and with additional
information on the surface roughness, usually given as root mean square (rms) roughness, was gained with atomic force microscopy (AFM) (Papers Iv and v). AFM does
not require any additional sample preparation; however, the technique is very time
consuming due to the long scanning times, and the area on which information is provided is even smaller than in SEM. Since AFM images only provide information on
a very small area, more than one spot per sample must be investigated. In this work,
at least three spots per sample were scanned, to obtain representative data for each
sample.
Information on the chemical composition of the fouling layer was obtained with ATRFTIR (Papers II, III, v, and vI), EDS (Paper vI) and, to some extent, by sessile-drop
CA (Papers II,III, Iv, and v). Sample drying is required for sample preparation in all
these methods. No further sample preparation was required for ATR-FTIR, making
the technique rather straightforward. Furthermore, if the wavenumber of the chemical bonds is known, it is a very fast method of identifying the compounds adsorbed
onto the membrane surface, especially organic foulants. However, the information is
only valid for the particular spot investigated, and it is not easy to identify inorganic
fouling compounds. EDS is more suitable for identifying fouling caused by inorganic
compounds. This technique allows the mass of individual elements in an area to be
determined at different magnifications. In this work, EDS was only used in combination with SEM. The combination of these two techniques makes it possible to overlay
data from EDS on the SEM images, thus allowing certain inorganic foulants to be
ascribed to structures visible in the SEM images. CA measurements were used as a
simple and fast method of identifying changes in the hydrophobic characteristics of
the membrane surface due to fouling. In addition, a significant difference in the left

22

and right CA indicates a chemically heterogeneous surface. However, it should be
borne in mind that surface roughness could also cause this observation limiting the
reproducibility and thus the reliability of CA measurements. Another problem is that
during sample drying in a desiccator, the membrane samples sometimes curl as the
skin layer shrinks more than the support layer. This presents a problem in any ex situ
analysis, but was especially problematic in CA measurements as a very flat surface is
required for reliable results.
The inner structure of the membranes was characterized using Brunauer-EmmettTeller (BET) surface analysis (Papers III and vI). This technique utilizes the adsorption
of gas molecules in the membrane pores due to pore condensation, and the desorption of gas molecules from the pores due to gas evaporation, to determine the inner
pore area and inner pore volume. Measurements are normally performed at normal
pressure at the boiling point of liquid nitrogen (-195.79◦ C). It is possible to investigate the properties of micropores with diameters down to 2 nm, mesopores with
diameters of 2–50 nm, and up to macropores with diameters over 50 nm. The sample preparation for BET analysis is laborious. The sample must be completely dry
to avoid outgassing of the sample during the measurements, and degassing of dried
membrane samples in a degasser unit can take up to 24 h. Furthermore, the reliability
of BET analysis depends on the inner area and volume of the sample, such that the
reliability of the results improves with increasing inner area and inner volume of the
sample. It is therefore important to have as much membrane sample as possible in
the sample vial. The membrane sample thus has to be cut into very small pieces, but
there is still a limit on the quantity of the sample that can be inserted into the vial.

3.2

In situ real-time monitoring of membrane processes

To investigate the status of membrane process monitoring in industry, a survey was
conducted among industrial membrane experts and analytical equipment suppliers
[53]. Interviews with industrial membrane experts revealed that not only scholars are
convinced that in situ real-time monitoring is important for membrane processes. All
24 interviewees stated that monitoring of membrane fouling is helpful, important,
or very important. However, only a few of them had already used one of the techniques available to monitor their membrane processes. In general, the responses of the
industrial experts revealed that their knowledge concerning methods of monitoring
membrane fouling was unfortunately rather limited. Surprisingly, instrument suppliers had not yet taken the membrane market as such into consideration, and were not
aware of the expediency of their instruments for monitoring membrane processes. In
fact, most of them had no knowledge of membrane processes at all.
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When asked about factors affecting the success of in situ real-time monitoring of membrane fouling, the industrial experts stated up to sixteen factors. The four factors most
often mentioned were: 1) the technique should be able to determine the composition
of the fouling layer, 2) it should be easily automated, 3) it should be robust, and 4)
it should be able to determine the thickness of the fouling layer. Interestingly, the
potential economic advantage offered by the implementation of such a technique in
the membrane process was only ranked eleventh.
To further penetrate this topic, a literature review was conducted on potential in situ
real-time monitoring techniques for membrane fouling in lignocellulosic biorefineries and two other industrial sectors to identify techniques suitable for this task (Paper
I). A broad variety of techniques was identified for in situ real-time monitoring of
membrane fouling (and cleaning). However, despite many promising studies on laboratory scale, only a few techniques had been employed in studies on industrially
relevant applications. An overview of the identified techniques and some of their
properties with regards to membrane fouling in lignocellulosic biorefineries are given
in Table 3.1, while the respective strengths and weaknesses of the techniques are presented in Table 3.2.
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Lab
Lab
Lab, pilot
Fundamental, lab
Fundamental, lab
Fundamental
Fundamental, lab
Lab
Lab, pilot
Fundamental, lab
Pilot, industrial
Fundamental
Lab
Fundamental, lab
Fundamental, lab
Fundamental
Fundamental
Fundamental, lab
Lab, pilot
Lab, pilot, industrial
Fundamental, lab
Lab
Lab, pilot, industrial

Composition, distribution, thickness
Thickness
Concentration, distribution
Composition, distribution
Composition, distribution
Thickness
Thickness
Composition, concentration
Thickness, distribution
Thickness, composition
Thickness, distribution
Thickness
Concentration, thickness
Distribution
Thickness, distribution
Distribution
Distribution
Composition, concentration
Composition, concentration
Thickness, composition
Thickness
Concentration
Thickness, cohesive and adhesive strength

Scale

Type of information

Direct observation
Laser-based techniques
Image analysis
Confocal laser scanning microscopy
Multiphoton microscopy
Surface plasmon resonance
Ellipsometry
UV/Vis reflectance spectroscopy
Photo interrupt sensor
Photoacoustic spectroscopy
Ultrasonic time-domain reflectometry
Quartz crystal microbalance
with dissipation
Holographic interferometry
Optical coherence tomography
Magnetic resonance imaging
X-ray microimaging
Small-angle scattering
Infrared spectroscopy
Raman spectroscopy
Electrical impedance spectroscopy
Streaming potential
Voltammetry and chronopotentiometry
Fluid dynamic gauging
Flat
Flat
Flat, tubular, hollow, spiral
Flat, tubular, hollow, spiral
Flat, tubular, hollow, spiral
Flat
Flat
Flat, tubular, hollow
Flat, tubular, hollow
Flat
Flat

Flat, tubular, hollow
Flat
Flat
Flat
Flat
Flat
Flat
Flat, tubular, hollow
Flat
Flat
Flat, tubular, hollow, spiral
Flat

Membrane

Flow
Flow
Flow
Flow
Static
Flow
Flow
Flow
Flow
Flow
Flow

Flow
Flow
Flow
Static
Static
Flow
Flow
Flow
Flow
Flow
Flow
Flow

Operation

Module
Spot
Spot, module
Spot
Spot
Spot
Spot
Module
Module
Spot
Spot

Module
Spot
Spot
Spot
Spot
Spot
Spot
Spot
Spot
Spot
Module
Spot

Area

μm, mol
10 μm
μm–nm
<1 μm
1 nm
1 μg/cm2
100 μg/cm2
1 μm
<20 μm
1 mol
10 μm

<10 μm
<5 μm
ppm
20 μm
20 μm
<10 nm
μm–nm
1 mol%
10 μm
<10 μm
<10 μm
<10 nm

Detection limit

Overview of techniques that could be used for in situ real-time monitoring of membrane fouling in the biorefinery sector (adapted from Paper I)

Monitoring technique

Table 3.1

Weaknesses

Strengths and weaknesses of the methods available for the monitoring of membrane fouling in the biorefinery sector (adapted from Paper I)
Strengths

Table 3.2
Monitoring technique

UV/Vis reflectance spectroscopy
Photo interrupter sensor
Photoacoustic spectroscopy
Ultrasonic time-domain reflectometry
Quartz crystal microbalance with dissipation
Holographic interferometry
Optical coherence tomography
Magnetic resonance imaging
X-ray microimaging
Small-angle scattering
Infrared spectroscopy
Raman spectroscopy
Electrical impedance spectroscopy

Interference from fluorescence
Conductive membrane and/or fouling needed

Clear solution with low concentrations needed
Low concentration necessary
Fouling signal must differ from membrane signal
Density of fouling must differ from that of the membrane
Sensitive to hydrodynamically coupled water, resulting in too high adsorbed mass
Restricted to low flow rates
Scattering events lead to intensity loss and limit scan depth
Low flow rates and small molecules required <30 kDa
Distinct difference required in electron density between components of interest
Small scattering volume up to a thickness of 100 μm
Measurements limited by interference from O – H vibrational bands from water

Cannot be used to determine absolute amounts of fouling
Foulants must be labeled with fluorophores
Filtration must be stopped during imaging
Low molecular weight compounds are difficult to detect
Refractive index of fouling must be different from that of the membrane

Only applicable to larger molecules, not proteins or polysaccharides
Foulants must reflect laser light, interference from changes in a refractive index of solution

Direct observation
Laser-based techniques

Overlay of membrane and fouling layer zeta potential
The interpretation of the results may be difficult
Fouling layer is assumed to be locally stiff

Image analysis
Confocal laser scanning microscopy
Multiphoton microscopy
Surface plasmon resonance
Ellipsometry

Simple and affordable
Information on the thickness of a fouling layer with a
resolution of ∼3 μm
Both qualitative and quantitative information
Protein and carbohydrate differentiation possible
Fluorescence excitation in UV region
Information on early-stage fouling on model layers
Information on early-stage fouling during membrane
filtration
Highly sensitive and rapid
Fast, simple and affordable
Applicable to highly scattering, optically opaque media
No constraints regarding module type or size
Information on early-stage fouling on model layers
Visualization of CP
Applicable to opaque medium layers
Quantification of spatial fouling distribution
Not yet applied for in situ real-time monitoring
Structural information on objects between 1 nm and 100 nm
Quantification of chemical interaction between solutes and
membrane
Both qualitative and quantitative information
Dielectric substructures of systems and electrochemical
diffusion processes can be characterized
Information on surface charge of fouling layer
Information on kinetics of ion-exchange membrane fouling
Information on cohesive/adhesive strength of fouling layer

Streaming potential
Voltammetry and chronopotentiometry
Fluid dynamic gauging
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3.2.1

Quartz crystal microbalance with dissipation monitoring

QCM-D was chosen as the method for in situ monitoring of membrane fouling in
lignocellulosic biorefineries (Papers Iv and v), based on the findings presented in
Paper I and its so far underutilized potential for membrane fouling investigations.
QCM-D is a useful technique for investigating adsorption and desorption processes
in situ and in real time. The technique is illustrated in Figure 3.4. A piezoelectric
quartz crystal sensor oscillates due to electric induction. The shift in resonance frequency of the sensor caused by the adsorption or desorption of mass on the sensor
surface is continuously measured. This is combined with monitoring the dissipation
of the oscillation when induction is removed. Together, the frequency and dissipation
shift provide information on the adsorbed mass, changes in the density or viscosity
of the solution, viscoelastic changes in the boundary layer, and changes in the surface
free energy.

Figure 3.4 Schematic of QCM-D for in situ real-time monitoring of membrane fouling on a
model membrane surface. (Adjusted from Paper I.)

QCM-D is a very useful tool to study early-stage adsorptive fouling processes. Unfortunately, it cannot directly be used for membrane processes, instead, a model surface
representing the membrane must be used. This can be achieved, for example, by spincoating a membrane polymer on the sensor surface [89–95]. An alternative approach
is the formation of a self-assembled monolayer of polymer on the sensor. A comprehensive understanding of the underlying fouling mechanisms can be obtained by
combining QCM-D with additional techniques such as surface imaging using AFM
and chemical composition analysis using ATR-FTIR.
In the context of membrane fouling, studies involving QCM-D have so far focused
on protein adsorption [91, 93, 94, 96–98], in water treatment and the production
of dairy products, and on the adsorptive behavior of extracellular polymeric substances during membrane fouling in water treatment [90, 95, 99–101]. To date, only
a few studies have been performed to compare findings from adsorption studies using
QCM-D with results from conventional membrane fouling monitoring methods such
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as flux or pressure measurements. Good agreement was found between fouling on the
model surfaces and membrane fouling during the filtration process [91, 93, 99]. For
example, pore plugging has been identified and confirmed by comparing results from
QCM-D with flux decline during filtration [92].
In this work, QCM-D was applied to study adsorptive fouling of the membrane by
thermomechanical pulping process water, and to identify the main compounds on
a polysulfone surface modeling an UFX5-pHt membrane (Paper Iv). The long-term
adsorption from this process water was studied at different temperatures (Paper v).
Furthermore, the reliability of the results from QCM-D studies was studied by comparing them with flux measurements and ex situ analysis of fouling during UF under
similar conditions.
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4

Flux and ex situ Analysis of
Membrane Fouling in
Lignocellulosic Biorefineries

The classic method of detecting fouling is by flux measurements. Theoretical approaches for the interpretation of flux data were introduced in Section 2.2. In this
chapter, these approaches are applied to data from the reference system and the findings briefly discussed (Section 4.1). Thereafter, the results of ex situ analysis of the
membrane surface (Section 4.2) and the inner structure (Section 4.3) of UF membranes used to filter several process streams from lignocellulosic biorefineries are presented.

4.1

Fouling analysis based on flux

The resistance-in-series model (Eq. 2.4) can be used to determine the contributions of
reversible and irreversible fouling to the total flux decline. With a sufficient amount
of data, it is possible to determine whether the increase in membrane resistance is due
mainly to adsorption, pore blocking, or cake layer formation. In order to use this
model, the osmotic pressure difference due to solute rejection above the membrane
surface must be estimated. This is usually difficult, but in MF and UF it is reasonable
to assume that ∆π=0 bar, as osmotic effects are too small to have any substantial effect
on the flux.
In this section, fouling analysis with the resistance-in-series model is exemplified by
application to data from the UF of thermomechanical pulping process water with
an UFX5-pHt membrane at 25◦ C and at 50◦ C in cross-flow mode (Paper v). The
filtration process was run at a TMP of 0 bar or 2 bar. The dynamic viscosity of the
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permeate was assumed to be water-like, i.e., 0.9 mPa·s at 25◦ C and 0.5 mPa·s at
50◦ C. For easier comparison, the permeability of the membranes (P = J/TMP) was
used instead of the flux. Table 4.1 gives the permeability of new membranes Pi , after
static adsorption at 0 bar TMP at 25◦ C and 50◦ C (Pa ), at the end of filtration at 2
bar TMP at 25◦ C and 50◦ C (Pv ), and after subsequent rinsing with deionized water.
Table 4.1 Permeability expressed as L/m2 ·h·bar, of new membranes (Pi ), after static adsorption
(Pa ), at the end of a filtration (Pv ), and after filtration and rinsing (Pf ) at 25 ◦ C and 50 ◦ C

Permeability

25◦ C

50◦ C

Pi
Pa
Pv
Pf

65.2
54.4
1.7
21.1

62.4
53.4
0.4
7.1

Using the resistance-in-series model, the resistance of the membrane Rm , was found
to be 6.20×1012 1/m at 25◦ C and Rm = 11×1012 1/m at 50◦ C. The higher resistance
of the membrane at the higher temperature could be due to swelling of the membrane.
Calculating the resistance due to reversible Rrev and irreversible Rirrev fouling revealed
that Rrev was substantially higher than Rirrev and both increased with temperature.
Rrev increased from 213.0×1012 1/m to 1608.4×1012 1/m, while Rirrev increased
from 13.0×1012 1/m to 82.2×1012 1/m. The higher temperature resulted in a lower
density and viscosity of the feed solution, but it also increased the mass transport of
solutes to the membrane. The high concentration of solutes in the boundary layer of
the membrane can lead to CP and/or cake and gel layer formation, which would be
seen as an increase in Rrev and Rirrev at the higher temperature.
Dal-Cin et al. [6] reported that the resistance-in-series model could underestimate the
impact of adsorptive fouling. They therefore presented an alternative approach using
the basic assumptions of the resistance-in-series model combined with relative flux
loss ratios based on the absolute flux decline for a given mechanism in relation to the
overall flux decline (Eqs. 4.1, 4.2, 4.3) where Rf = Rrev + Rirrev and Rt = Rf + Rm .
Da =

Rf Pi − Pa
·
Rt Pi − Pv

(4.1)

%Dpb =

Rf Pa − Pf
·
Rt Pi − pv

(4.2)

%Dcp =

Rf Pf − Pv
·
Rt Pi − pv

(4.3)
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When this method was applied to the data from the UF of thermomechanical pulping process water, the relative flux loss ratio attributed to adsorptive fouling (%Da )
decreased from 16.6% at 25◦ C to 1.9% at 50◦ C, while the relative flux loss ratio attributed to pore blocking (%Dpb ) increased from 51.1% at 25◦ C to 74.2% at 50◦ C.
Both are related to Rirrev . The increase in %Dpb indicates that membrane fouling
at the higher temperature was mainly related to pore blocking. The relative flux loss
ratio attributed to CP (%Dcp ) decreased from 29.7% at 25◦ C to 10.8% at 50◦ , indicating that the contribution of reversible fouling (Rrev ) decreased, and the membrane
became severely fouled at the higher temperature. The remaining percentage is related
to the membrane resistance. The poorer performance of the membrane at the higher
temperature can also be seen from the flux curves in Figure 4.1, where the flux at
50◦ C was lower than the flux at 25◦ C during the whole measurement period.
20
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Figure 4.1 Flux of membranes fouled with thermomechanical pulping process water filtered
at 25◦ C and at 50◦ C and 2 bar TMP, as a function of time.

Hermia’s model (Eq. 2.5 or Eq. 2.6) can also be used for fouling analysis based on flux
measurements, but is only applicable at the beginning of filtration. Figure 4.2 shows
the derivative of the flux as a function of time (dJ/dt) for both the original data and
the results obtained with Hermia’s model. The modeled data were obtained using Eq.
2.6 by fitting a polynomial function to the data from the first 60 min and then taking
the derivative of this polynomial function with respect to t. Finally, the differentiated
polynomial was set equal to k·J3−n , and k was fitted with the GRG Nonlinear function
in Excel (Office 365, Microsoft) by minimizing the residuals between the left-hand
side and the right hand side of the equation, while n was kept constant at either 0, 1,
1.5, or 2, representing one of the four fouling types defined in Table 2.2. The best
fit was found for n = 0, indicating that the dominant type of fouling was cake layer
formation.
The flux analysis with Hermia’s model indicated a different type of fouling than the
resistance-in-series model, which indicated that flux decline was related to irreversible
fouling, and increased at the higher temperature. Thus, the different flux analysis
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Figure 4.2 Original flux data and data obtained by fitting to Hermia’s model at 25◦ C (A) and
50◦ C (B). The value of the parameter n found to fit to the experimental data best was n = 0 for
both temperatures, indicating cake layer formation. (Unpublished data.)

approaches are contradictory. The results based on the relative flux loss ratios indicated
that pore blocking was the dominant type of fouling. It is likely that the kind of
fouling changes with time, as suggested by Wang and Tarabara [102], starting with
pore blocking and ending with cake filtration. However, this cannot be confirmed
by flux analysis alone. Moreover, neither of the models provides any information on
the compounds causing fouling or ways of preventing or reducing it. Thus, further
analyses are required to understand fouling in more detail, and ways in which cleaning
can be adapted to remove it.

4.2

Surface analysis of membrane fouling

Ex situ surface analysis is a useful method as it provides information on the structure
and chemical composition of the fouling layer on the membrane surface. In this
section, the results of ex situ analysis with SEM, AFM, SEM-EDS, ATR-FTIR and
CA measurements on fouled membranes are presented and discussed.

4.2.1

SEM

SEM imaging was used to investigate the fouling of UFX5-pHt membranes resulting
from dead-end filtration (schematic of the module given in Figure A.1 in the Appendix) of thermomechanical pulping process water at 2 bar TMP and 70◦ C (Paper
II), and ES404 membranes used for the filtration of bleach plant effluent in cross-flow
mode on industrial scale (Paper vI). The UFX5-pHt membrane fouled by thermomechanical pulping process water shows a fouling layer that seems to be thin with

32

elongated structures and many small particles 1–2 μm in size in this low-magnification
image (Figure 4.3A). The extent of the fouling is obvious when this image is compared
to that of the pristine membrane (Figure 2.2: note the higher magnification in this
image). The visible fouling layer may be the remnants of a thin gel layer, as suggested
by the flux analysis of UF of the same solution at a lower temperature in cross-flow
mode. The nature of the elongated structures and small particles can only be speculated upon, but their interpretation can be facilitated as the composition of the feed
solution was known. Bearing in mind the composition of thermomechanical pulping
process water, the elongated objects may be wood fibers, and the particles precipitated
organic or inorganic compounds. In contrast, the fouling layer caused by bleach plant
effluent (Figure 4.3B) is very fractured, and seems to be much thicker than the fouling layer caused by thermomechanical pulping process water. It is possible that the
fouling layer broke up during sample preparation, and a gap can be seen the center of
the image, suggesting that a piece of the fouling layer broke off during sample preparation. However, it cannot be determined from this image whether the membrane is
visible through the fouling layer in this opening or not.
(A)

(B)

Figure 4.3 SEM images of a UFX5-pHt membrane fouled with thermomechanical pulping process water (A), and the ES404 membrane fouled with bleach plant effluent from sulfite pulping
(B).

4.2.2

AFM

More detailed images of the surface of the UFX5-pHt membrane fouled with thermomechanical pulping process water under different operating conditions in cross-flow
mode were obtained with AFM (Paper v). Figure 4.4 shows AFM images of a pristine
membrane (Figure 4.4A) and membranes fouled at 25◦ C (Figure 4.4B) and at 50◦ C
(Figure 4.4C). It is difficult to draw any further conclusions based on these images,
but roughness analysis revealed that the roughness of the membrane fouled at 25◦ C
(rms roughness of 2.6 nm) was similar to that of the pristine membrane (rms rough-
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ness of 2.8 nm). A considerable increase in roughness was seen for the membrane
fouled at the higher temperature (rms roughness of 6.6 nm).
(A)

(B)

(C)

Figure 4.4 AFM images of a pristine UFX5-pHt membrane (A), and UFX5-pHt membranes
fouled with thermomechanical pulping process water at 25◦ C (B) and 50◦ C (C).

The findings from AFM indicate the formation of a gel or cake layer on the membrane
at the higher temperature, which is in accordance with the findings from the flux
analysis (Section 4.1).

4.2.3

SEM-EDS

The combination of SEM and EDS was applied for the characterization of the ES404
membrane fouled with bleach plant effluent (Paper vI). The results are presented in
Figure 4.5, where the surface and the cross-section of the fouled membrane are shown.
Using the information obtained from EDS, it was possible to identify the greenyellowish fractured structure as consisting mainly of compounds with high contents
of magnesium and oxygen. This is reasonable considering that magnesium is used as
the cooking chemical base in the pulp mill, which leads to a high concentration of
magnesium in the bleach plant effluent.
(A)

(B)

Figure 4.5 SEM-EDS images of ES404 membranes fouled with bleach plant effluent from sulfite
pulping: Surface (A) and cross-section (B).
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This layer is thus likely to be a precipitate of magnesium hydroxide Mg(OH)2 . As
cake formation by inorganic compounds (scaling) was not expected, the SEM-EDS
analysis provided a very valuable insight. The reddish region in the gap in the middle
of the fouling layer (Figure 4.5A), is caused by signals from carbon and sulfur, both
present in the membrane polymer. This indicates that the membrane can be seen in
this gap, or that the fouling layer is sufficiently thin for the signal from the membrane
to be detected.
Two regions are distinguishable in the cross-sectional image (Figure 4.5B). The greenyellowish section at the top of the image contains mainly magnesium and oxygen,
and can thus be ascribed to the fouling layer. This is evidence that a cake layer was
formed on the surface of the membrane. Furthermore, this layer was roughly 4.5 μm.
The reddish region below contains mainly carbon and sulfur, and can therefore be
ascribed to the membrane. However, a line scan from the top (fouling layer and
membrane) in to the membrane (not shown here) revealed that the atomic weight
percentage of magnesium was highest 2 μm below the surface of the fouling layer,
and declined rapidly towards the membrane surface. Further into the membrane, the
magnesium content was very low. Silicon was detected further into the membrane,
with a maximum content of 10% in atomic weight approximately 10 μm from the
membrane surface.

4.2.4

ATR-FTIR

When inorganic compounds are only minor foulants in the process, elemental analysis
with EDS does not give sufficient information and other techniques are required for
the analysis of the chemical composition, such as ATR-FTIR. This was used for the
analysis of fouling on UFX5-pHt membranes caused by thermomechanical pulping
process water (Papers II, III, and v), fouling of the UP010 membranes by pressurized hot-water extract (Paper III), fouling of the GR95PP membranes by black liquor
(Paper III), and fouling of the ES404 membrane by bleach plant effluent (Paper vI).
ATR-FTIR spectra obtained from the UFX5-pHt membranes after fouling by
thermomechanical pulping process water, and from GR95PP membranes after fouling by black liquor (data from Paper III) are shown in Figure 4.6 as examples, and are
briefly discussed below.
The wavenumber range from 1500 cm−1 to 450 cm−1 is called the fingerprint region
as it contains most of the peaks and the pattern is unique to each sample. Many
peaks in the fingerprint region can be assigned to vibrations of the bonds from the
polysulfone of the membrane polymer, while others can be assigned to specific bonds
in the foulants. The peak assignments are given in Table 4.2.
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Figure 4.6 ATR-FTIR spectra of UFX5-pHt membranes fouled with thermomechanical pulping
process water (A) and GR95PP membranes fouled with black liquor (B).

A peak in the region 3600–3100 cm−1 can be seen in the spectrum for the thermomechanical pulping process water. The signal from O – H stretching of bonds in
the hydroxyl or phenolic groups is also found in this region [103]. To avoid signals
from water, all the samples were dried and stored in a desiccator for at least 24 h.
However, it is still possible that some water remained in the sample, leading to the
observed response. The intensity of this peak increased slightly in the fouled membrane. Based on knowledge of the feed composition, this increase in intensity might
originate from weak signals from the hydroxy groups of either polysaccharides such as
GGM or lignin [104–107]. The peak at 2964 cm−1 can be attributed to the stretching of aromatic C – H bonds, which are present in both PSU and polysaccharides
[106, 108, 109]. The intensity of this peak is also increased in the fouled membrane,
indicating the adsorption of polysaccharides. The peak at 1736 cm−1 can be assigned
to the C – O carbonyl bonds in the methyl ester groups or carboxylic acid in the acetyl
groups of hemicelluloses or extractives [104, 110, 111]. The peaks at 1080 cm−1 and
1014 cm−1 are attributed to the rocking of aliphatic C – C bonds and aromatic – CH
bonds, respectively [112], both of which can be ascribed to polysaccharides. Similar results were found in the other investigations (Papers II, III, and v). Overall,
ATR-FTIR analysis of membrane fouling by thermomechanical pulping process water indicates fouling by polysaccharides in the form of GGM and low-level fouling by
extractives.
A peak in the region 3600–3100 cm−1 assigned to O – H stretching was observed
for the membrane fouled with black liquor. Polysaccharides have not been found to
be potential foulants in this process stream. Hence, the peak can be ascribed to the
phenolic groups of ligneous compounds and extractives [104, 106, 107]. A peak was
also seen at about 1650 cm−1 , which was assigned to carbonyl-containing compounds
such as natural lignin or terpenoid extractives [104, 106, 107]. Furthermore, the areas
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Table 4.2 Peak assignment for ATR-FTIR analysis of membrane fouling on PSU and PES membranes [104–114]

Wavenumber
(cm−1 )

Assignment

834, 873
1014, 1080

Stretching of C – H bonds in the aromatic ring of PSU and PES
Skeletal vibrations of aliphatic C – C bonds
aromatic C – H bonds in PSU, PES and polysaccharides
Stretching of C – O – C bonds in polysaccharides,
symmetric stretching of C – SO2 – C bonds in PSU and PES
Symmetric stretching of C – SO2 – C bonds in PSU and PES
Stretching of C – O – C bonds in PSU and PES
Asymmetric stretching of S – O bonds in PSU and PES
Stretching of CH3 – C – CH3 bonds in PSU and PES
Stretching of C – C bonds in aromatic rings and
stretching of C – O bonds in extractives and lignin
Skeletal vibrations of C – C bonds in PSU, PES and lignin
Stretching of C – O bonds in polysaccharides and extractives
Stretching of C – H bonds in aromatic groups of PSU, PES and
polysaccharides
Stretching of O – H bonds in polysaccharides and water

1106, 1169
1151
1242
1295
1488
1503
1576
1730
2964
3000–3600

between the peaks at 1576 cm−1 and 1485 cm−1 , 1485 cm−1 and 1410 cm−1 , and
1410 cm−1 and 1320 cm−1 , were attenuated in the case of the fouled membrane.
These regions can be attributed to skeletal vibrations of phenolic compounds such as
lignin and extractives [106, 107]. ATR-FTIR analysis of the membrane fouled by the
filtration of black liquor indicates that mainly lignin and extractives are attached to
the membrane.

4.2.5

CA analysis

CA measurements were made in all the studies on membranes in this thesis (Papers II,
III, and Iv) to elucidate the hydrophilic properties of the fouling layer. For example,
fouling caused by thermomechanical pulping process water reduced the CA from
71.5◦ to 39.5◦ (Paper III), indicating the attachment of hydrophilic compounds such
as GGM on the membrane surface. However, as described above, the CA is also
influenced by the surface roughness and chemical homogeneity of the surface, and
results from CA measurements must thus be interpreted with caution, taking surface
roughness measurements into consideration.
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4.3

Impact of membrane fouling on the inner structure of the
membrane

Ex situ surface analysis can provide important insight into membrane fouling, but it
cannot reveal if or how fouling substances have penetrated the membrane during filtration. Analysis of the inner structure of the membrane is required, using, for example BET analysis. This is a method not yet commonly applied in the characterization
of membrane fouling.

4.3.1

BET analysis

BET surface analysis was applied to analyze UFX5-pHt membranes fouled with
thermomechanical pulping process water, GR95PP membranes fouled with black
liquor and UP010 membranes fouled with pressurized hot water extract (Paper III).
Further investigations were performed on UFX5-pHt membranes fouled with
thermomechanical pulping process water in cross-flow mode under various operating conditions (Paper v).
The results presented in Papers III and v on fouling caused by thermomechanical
pulping process water will be discussed in this section. Filtration was carried out in
dead-end mode (Paper III) and cross-flow mode (Paper v). Reference values were obtained by filtering deionized water through the membranes under similar conditions.
Pores in both the skin layer and the support layer were investigated, and are included
in the total pore volume. The diameters of the pores in the studied membranes ranged
from 1 nm to several nm. Hence, fouling-induced changes in the micropore region
(<2 nm), e.g., due to pore adsorption, and the mesopore region (2–50 nm), e.g., by
cake layer formation, are of interest. Fouling during dead-end filtration caused an increase of less than 2% in the BET surface area compared to the reference (Paper III).
The total pore volume showed an increase of 7% while the average pore diameter decreased by about 7%. Figure 4.7 shows the pore area and pore volume as a function
of pore diameter. Only small differences were seen between the reference data and
the fouled membrane. The only differences between the pristine membrane and the
fouled membrane were an increase in the pore area of pores smaller than 4 nm and
a slight decrease in the pore area of pores between 4 nm and 30 nm. The pore volume was similar for most pore sizes, however it increased with fouling in pores with
diameters larger than 32 nm. Based on these findings, it appears that there was little
adsorption of compounds in the pores, and only a thin layer was formed on the surface
of the membrane, which was already previously visualized by SEM (Figure 4.3A).
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Figure 4.7 BET area (A) and volume (B) as a function of pore diameter of UFX5-pHt membranes
fouled in dead-end mode.

In contrast to the results obtained following dead-end filtration, the membranes
fouled in cross-flow mode showed a decrease in BET micropore area of about 50%
(Paper v). This could be the result of pore blocking, in agreement with the results of
flux analysis in terms of relative flux loss ratios (Section 4.1). In addition, Figures 4.8A
and 4.8B show signs of considerable cake layer formation independently of temperature and TMP, supporting the results of flux analysis with Hermia’s model. Both
the pore area and the pore volume increased significantly in pores larger than 4 nm
in diameter, which indicates the formation of a mesoporous cake or gel layer. Furthermore, the pore area and, to a limited extent, the pore volume, increased in pores
smaller than 4 nm. This suggests extensive adsorptive fouling in the pores of the membrane. Interestingly, with BET analysis, no outstanding difference was seen between
fouling under different operating conditions (temperature and TMP), although other
analytical methods and the flux analysis showed that the operating conditions affected
fouling (Sections 4.1 and 4.2).
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Figure 4.8 BET area (A) and volume (B) as a function of pore diameter of UFX5-pHt membranes
fouled in cross-flow mode.

39

The observed differences between the pore area and pore volume distributions of the
membranes fouled when run in dead-end mode and the membranes fouled in crossflow mode may be due to differences in the shear forces above the membrane. According to computational fluid dynamics simulations of the dead-end module [8], at
the stirring rate used here, shear rates of up to 1074 1/s can occur in close proximity
to the stirrer and membrane (see Figure A.1 in the Appendix). This is considerably
higher than the shear rate of about 56 1/s in the cross-flow module at the applied
CFV (unpublished data, see Figure A.3 in the Appendix). The higher shear forces
in the dead-end module are likely to have removed most of the cake layer, explaining the negligible differences between the reference and the fouled membrane in the
mesoporous region in Figure 4.7, and the thin fouling layer visible in the SEM image in Figure 4.3A. The small increase in pore area observed in the micropores could
be due to pore adsorption of dissolved extractives that are small enough to enter the
pores. The volume reduction was relatively high in the dead-end filtration experiments (88%), whereas almost no volume reduction was achieved in the cross-flow
filtration experiments. Volume reduction leads to an increase in the concentrations
of most compounds in the bulk phase above the membrane, and in particular the salt
concentration can have a negative influence. It has been reported that wood extractive
colloidal droplets destabilized faster at high salt concentrations and that destabilization was more effective with shearing [115]. This would result in the colloidal droplets
breaking up and dissolving in the process water, making it easier for them to enter the
pores and become adsorbed on the pore walls. Moreover, they could also precipitate
on the membrane surface together with other dissolved compounds such as polysaccharides, resulting in the formation of a thin layer, as seen in this work. The shear
rate was much lower in cross-flow filtration, and a cake layer was therefore most likely
formed. Based on the findings of ATR-FTIR, this layer appears to consist mainly of
GGM.

4.4

Final remarks on flux analysis and ex situ fouling analysis

Flux analysis is probably the fastest way to obtain insights into the type of membrane
fouling, but the results of theoretical approaches showed that flux measurements can
only provide indications. Often, a combination of several types of fouling takes place
during the course of filtration, the dominating form changing over time. Ex situ analysis of the membrane surface does not provide the same kind of information as flux
analysis, but nevertheless provides important information on the chemical and structural characteristics of the fouling layer. A more reliable indication of the type of
fouling can be obtained by ex situ analysis of the inner structure of the membrane
based on BET analysis. Information on the structure and chemical composition of
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the membrane surface can be obtained with SEM, SEM in combination with EDS,
and ATR-FTIR. Other surface properties of the fouling layer can be determined with
AFM (roughness) and CA measurements (hydrophobicity). The analysis of membranes using BET analysis provides a relatively rarely used opportunity to obtain
knowledge on the effects of fouling on the membrane pores. The combination of
complementary ex situ analysis methods allows the identification of the main foulants
causing reduced capacity during UF. However, a major drawback of ex situ analysis is
that this information can only be extracted from the membrane after the membrane
operation. Thus, it is not possible to obtain information on the changes taking place
on or in the membrane over time, which is of great importance if the entire membrane
process (filtration, cleaning and rinsing) is be optimized.
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5

In situ Monitoring of
Membrane Fouling by
Thermomechanical Pulping
Process Water

This chapter presents the results of in situ monitoring of membrane fouling of the reference system with QCM-D. A prerequisite for this analysis is that the model system
used in the QCM-D setup is comparable to the actual UF process. The model membrane surface and the membrane are characterized and compared in Section 5.1. The
findings of QCM-D adsorption and desorption studies of thermomechanical pulping
process water on UFX5-pHt model membranes are then presented and discussed in
Section 5.2.

5.1

Model membrane surface for QCM-D in situ analysis

In order to use QCM-D for investigations of membrane fouling, a sufficiently thin
model membrane surface must be created on the quartz sensor. This is commonly
done by spin-coating. For the membrane fouling studies described in Papers Iv and
v, a model membrane was created by spin-coating a solution of UFX5-pHt membrane polymer dissolved in dichloromethane on a clean gold QSX301 sensor (Biolin
Scientific, Sweden). The polymer film was subsequently analyzed and its properties compared with the characteristics of a pristine UFX5-pHt membrane. Since the
QCM-D sensors are very delicate, ATR-FTIR and SEM analysis was done on polymer
films spin-coated on pieces of gold wafers. The surface characteristics of the polymer
films and the membrane are presented and compared in this section.
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The CA of the spin-coated film varied between 43.6◦ and 83.5◦ , whereas the CA of the
membrane varied between 50.5◦ and 71.5◦ . As discussed previously, measurements
of the CA are error-prone and although the ranges of CA determined are broad, the
values are similar indicating slightly hydrophilic properties.
The chemical composition of the polymer film was determined with ATR-FTIR. Figure 5.1 shows the ATR-FTIR spectra from a pristine UFX5-pHt membrane and a
spin-coated polymer film. The fingerprint regions of the two samples are very similar,
with peaks at the wavenumbers typical of PSU [103, 108, 113, 114]. The variation in
peak intensity could be the result of difficulties in ensuring sufficient contact between
the spin-coated polymer film and the ATR crystal.
99

Transmittance

98

97

96

95

94
4000

UFX5-pHt membrane
UFX5-pHt polymer
3500

3000

2500

2000

1500

1000

500

Wavenumber in cm-1

Figure 5.1 ATR-FTIR spectra of a pristine UFX5-pHt membrane and a spin-coated UFX5-pHt
polymer film

AFM was used to image the surface of the polymer film and the membrane, and to
determine the roughness of the two surfaces. This revealed considerable differences
between different spin-coated sensors, as can be seen in Figures 5.2B and 5.2C, as well
as significant differences between the polymer film and the membrane (compare with
Figure 4.4A). The images presented are representative of several sensors. The polymer
film shown in Figure 5.2B has a rough surface, with the appearance of a thick gel that
has just stopped flowing from the center of rotation to the edge of the sensor. This
seems to be a reasonable structure for a polymer film. However, the surface shown in
Figure 5.2C is patterned with a network of crests and valleys.
It is not clear from the image whether the sensor was completely coated. SEM-EDS
was performed at a lower magnification to investigate this further (Figure 5.3). This
revealed that the crests in Figure 5.2C joined to form dark, river-like patterns of polymer, leading to roughly circular gaps, and that the surface of the gold was visible in
these gaps.
There may be several reasons for the observed variation in the films. Therefore, the in-
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(A)

(B)

(C)

Figure 5.2 AFM images of a clean gold sensor (A) and two spin-coated QCM-D sensors with
good coverage (B) and poor coverage (C).
(A)

(B)

Figure 5.3 SEM images of polymer spin-coated on wafer pieces coated with gold at low (A)
and high magnification (B). (Unpublished data.)

fluence of the polymer concentration in the solvent and the hydrophobicity of the sensor surface were investigated (unpublished data). It was found that the problem was
not as severe at high concentrations of the polymer (>2%(w/w)) in dichloromethane,
as at low concentrations (0.5%(w/w)). However, the main cause of the problem
appeared to be the hydrophobicity of the sensor surface itself. Spin-coating after
ozonizing, which makes the surface much more hydrophilic, immediate rinsing with
water, and subsequent drying with nitrogen helped to improve the homogeneity and
smoothness of the spin-coated polymer films.
Surface roughness measurements with AFM showed that the polymer film was
rougher than the membrane, but the rms roughness of the polymer film surface
(5.2 nm) was of the same order of magnitude as the surface of the membrane (2.6 nm),
regardless of whether the polymer film coating was good or poor.
The frequency and dissipation of each sensor were measured in Milli-Q water before
and after spin-coating. The film thickness of the model membrane was estimated by
assuming that the polymer film had the same density as pure polysulfone 0.24 g/mL.
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The thickness of the active layer of these membranes has been determined previously
by Lin et al. [116] using QCM-D and spin-coated polymer dissolved from various
membranes. They found the thickness of the active layer to be between 17 nm and
150 nm. In the present work, the polymer films were found to have an average thickness of 41.2 nm (Paper v), which seems to be a reasonable value compared to the
findings of Lin et al.
Overall, it can be concluded that the spin-coated polymer film had similar surface
characteristics to the membrane, and can be considered an adequate model system
mimicking a UFX5-pHt membrane.

5.2

In situ real-time monitoring of adsorptive fouling with
QCM-D

A Q-Sense E4 (Biolin Scientific, Sweden) instrument was used to investigate the adsorption of compounds from thermomechanical pulping process water (Papers Iv and
v). The main foulants in thermomechanical pulping process water are wood polysaccharides such as hemicelluloses, and extractives [7, 61, 78]; in this application, lignin
was not found to cause severe membrane fouling. To understand how these compounds cause fouling, three fractions of thermomechanical pulping process water were
studied: 1) thermomechanical pulping process water that had been sieved to remove
large particles such as fibers, 2) MF retentate that is rich in colloids droplets, and 3)
MF permeate from which most of the colloidal droplets had been removed during
MF. The adsorption of these solutions was studied at 25◦ C until equilibrium was
reached, but at a maximal time of 2 h. After the adsorption, the QCM-D measurement cell was rinsed with Milli-Q water to flush away loosely bound compounds. In a
further study (Paper v), the adsorption of thermomechanical pulping process water on
the model membrane was studied for 8 h at 25◦ C and 50◦ C to investigate longterm
fouling effects and the influence of temperature on the adsorption processes.

5.2.1

Adsorptive behavior of fractions of thermomechanical pulping process water

Figure 5.4 shows the change in frequency and dissipation over time caused by the
adsorption of compounds from the three fouling solutions on the model membrane,
and by the removal of compounds from the model membrane by rinsing with Milli-Q
water. The decrease in frequency is the result of the adsorption of mass, while the
increase in dissipation is the result of an increase in the softness of the attached layer.
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Figure 5.4 Changes in frequency (A), and dissipation (B), over time due to adsorption from
thermomechanical pulping process water, MF permeate and MF retentate. The timescale has
been adjusted so that the initiation of fouling and the start of rinsing are at t = 0 h and t = 2.8 h,
respectively.

A decrease in frequency was seen as soon as the fouling solutions were introduced into
the QCM-D cell, which implies very fast initial adsorption kinetics (Figure 5.4A).
After 2 h, the frequency for the permeate was higher than that of the process water.
The dissipation also showed a rapid change (Figure 5.4B), increasing immediately after
the introduction of the fouling solutions. The dissipation for the permeate and process
water appeared to reach a steady state after a very short time, but the dissipation for the
permeate was slightly lower. This means the fouling layer formed by the adsorption
of the permeate was slightly more rigid than the fouling layer formed by the process
water.
On one hand, the difference between the progression of the frequency and dissipation
curves for process water and permeate, respectively, can be explained by compositional
differences. The permeate contained less extractives and other large compounds, as
they had been removed by MF, and the proportion of hemicelluloses in the permeate was thus higher. On the other hand, variations in the way in which the hemicelluloses are adsorbed on the membrane surface can play a role. The alignment of
the hemicelluloses plays an important role, and the degree of alignment depends on
the hemicellulose structure. A less branched glucomannan, which will pass more likely
through the MF membrane in the permeate, will adsorb more parallel to the surface,
whereas GGM will not be able to adsorb parallel to the surface due to its galactose
and acetyl side groups [20, 30]. Alignment of GGMs on the polymer surface can also
be impeded by the surface roughness of the model membrane.
The comparison of the progression of the fouling curves showed that the adsorption
kinetics of permeate are slower than for process water. Furthermore, it appears that
the adsorption of permeate continues until the end of the experiment, while the ad-
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Figure 5.5 Changes in frequency (A), and dissipation (B), over time due to adsorption of
thermomechanical pulping process water at different temperatures.

sorption kinetics of process water appear to reach equilibrium after an hour. The adsorption kinetics of the permeate can be compared to the reported adsorptive behavior
of mannan on cellulose fibers reported by Hannuksela et al. [117]. They found that
initial, very rapid adsorption was followed by a much slower adsorption phase, and
suggested that this was due to multilayer adsorption of mannan on cellulose fibers. If
this was also the case in the present study, the continuing adsorption of the permeate
could be due to the longer time required for the hemicelluloses to become packed in
a multilayer.
The adsorption of process water was studied for 8 h to investigate whether the adsorption kinetics actually reached equilibrium, and whether the fouling layer restructured after a longer time (Paper v). A continuous decrease in frequency was observed,
which means that the adsorption kinetics of the process water did not reach equilibrium within 2 h (Figure 5.5). This is a strong indication that multilayer adsorption
also occurs with process water. A similar experiment was run at 50◦ C, the maximum
temperature of the instrument, and similar adsorption kinetics were observed. In
this case, some kind of multilayer adsorption was observed too. However, dissipation monitoring at 50◦ C revealed a decrease in dissipation after reaching a maximum
soon after fouling started. This indicates that the fouling layer is restructured at higher
temperatures, most likely by the replacement of water or loosely attached compounds
with smaller ones, making the fouling layer more compact and more rigid [118].
The adsorption of retentate was very different from the adsorption of the process water
and the permeate (Figures 5.4 and 5.5). The adsorption kinetics of the retentate were
fastest, exhibiting the lowest frequency and the highest dissipation value. However,
after reaching its minimum, the frequency increased only slightly and then stabilized,
while the dissipation decreased and stabilized after reaching its maximum. This suggests that the adsorbed fouling layer is considerably heavier and softer than the fouling
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Figure 5.6 Change in frequency (A), and dissipation (B) after fouling and after rinsing, for
process water, retentate and permeate.

layers resulting from permeate at 25◦ C and process water at 25◦ C as well as 50◦ C.
The adsorption kinetics of the retentate can be linked to the bulk effect [119], a common phenomenon that occurs in QCM-D when studying solutions at high concentration. In addition to this phenomenon, colloidal droplets could cause the observed
formation of a heavy soft layer. Close to the surface, the colloidal droplets repel
each due to the charge on the hemicelluloses attached to their shells [120], but they
would still be detected by the QCM-D instrument. Furthermore, the higher average
molecular weight and concentration of compounds in the retentate could mean that
relatively more mass adsorbs on the model membrane per attached compound (larger
colloidal droplets and hemicellulose polymers).

5.2.2

Desorption of fouling from thermomechanical pulping process water by rinsing

As soon as Milli-Q water was introduced into the system, the frequency curves for
all three solutions increased to a similar level, but the permeate curves continued to
increase slowly with time. The dissipation decreased immediately at the beginning of
rinsing, and all the curves showed similar levels (rinsing in Figure 5.4). This implies
that all the solutions caused reversible fouling, which was only weakly attached, as well
as irreversible fouling in the form of a thin rigid layer. A clear picture of the effects
of reversible and irreversible fouling can be obtained by comparing the frequency and
dissipation before and after rinsing, as shown in Figure 5.6.
Assuming that colloidal droplets also adsorb during fouling besides GGM, the lower
concentration of polysaccharides resulting from rinsing could cause destabilization of
the adsorbed colloidal droplets [121]. This means that the colloidal droplets open up
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Table 5.1 Adsorbed mass of the studied solutions estimated with the Broadfit function in the
software Dfind (Q-Sense, Sweden)

Solution

Adsorbed mass
after fouling
(mg/m2 )

Adsorbed mass
after rinsing
(mg/m2 )

Mass remaining
on the surface
(% total adsorbed mass)

Process water
Retentate
Permeate

16.4 ±5.3
39.6 ±4.8
13.8 ±1.9

9.3 ±2.1
9.0 ±2.5
6.4 ±0.8

58.8 ±6.5
22.6 ±5.4
46.9 ±6.0

and disintegrate and only compounds highly attracted by the GGM of the fouling
layer remain attached. The strong bonds between the GGM in the outer layer of
the colloidal droplets and the carboxyl groups of the fatty acids and resin acids could
remain intact despite rinsing. If this group of extractives remained adsorbed, it would
explain why Puro et al. [7] found more fatty acids and resin acids than lignans, sterols,
steryl esters, and triglycerides in the fouling layers of polyethersulfone membranes
after UF of process water and subsequent rinsing.
When comparing the mass of the fouling layers caused by the three solutions, fouling
by permeate and process water had similar masses, while the mass after fouling with
retentate was higher (Table 5.1). After rinsing with Milli-Q water, almost the same
mass remained adsorbed on the model membrane surface for all three solutions. The
adsorbed mass after rinsing estimated in this work was much less than the values reported by Weis et al. [122] and Thuvander et al. [78], who both determined the mass
of the fouling layer after UF of similar solutions. In fact, the mass estimated in the
present work is likely to be even lower, as QCM-D also includes hydro-dynamically
coupled water in the mass. Weis et al. [122] investigated the adsorptive fouling of
polysulfone and polyethersulfone membranes after UF of spent sulfite liquor and subsequent cleaning. The remaining fouling consisted mainly of extractives, with a mass
of 24.4 mg/m2 (PSU membrane) and 38.6 mg/m2 (PES membrane). Thuvander et
al. [78] determined the amount of polysaccharides by acid hydrolysis of the fouling
layer of UFX5-pHt membranes after UF of thermomechanical pulping process water
and MF permeate, and subsequent alkaline cleaning. Hydrolyzed monosaccharides
were detected using high-performance anion-exchange chromatography. The total
amount of saccharides found on the membranes was 508 mg/m2 (process water) and
37 mg/m2 (MF permeate).
Two factors should be considered when evaluating the differences between the estimates of the fouling layer mass reported in Paper Iv and the mass of fouling layers
reported in previous studies [78, 122]. Firstly, the forced convective transport during UF means that more material accumulates at the membrane surface than in the
QCM-D experiments, where the transport to the surface takes place solely by dif-
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fusion. Secondly, in the estimates using QCM-D, it is assumed that foulants are
adsorbed homogeneously over the model membrane. This is probably a simplification, and if less material is adsorbed at the edge of the sensor than at the center, the
calculated average mass of the adsorbed fouling layer per unit area will be underestimated.

5.3

Final remarks on membrane fouling caused by thermomechanical pulping process water

A schematic illustration of the way in which the fouling layer could be formed is
presented in Figure 5.7. Irreversible adsorptive fouling and pore blocking by GGM
takes place closest to the membrane surface. Over time, multilayer adsorption causes
the build-up of reversible fouling in the form of a gel layer through the accumulation
of more GGM and the embedding of colloidal droplets. The smallest compounds,
such as dissolved extractives and small GGM, enter the pores and may be adsorbed
on the pore walls.

Figure 5.7 Illustration of membrane fouling during cross-flow filtration of thermomechanical
pulping process water.

It was shown in this work that adsorption occurs as soon as process water comes into
contact with the membrane polymer. A thin rigid layer of fouling that is irreversible is
formed, with a thicker and softer layer on top of this, which is reversible. Water is lost
over time, and more is lost at a higher temperature, but it reassembles incorporating
colloidal droplets, leading to a denser fouling layer.
Based on the findings from the three fractions of process water investigated, is it likely
that hemicelluloses and other smaller compounds that were able to pass through the
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MF membrane caused the fouling. It can be speculated whether colloidal droplets
are also embedded in the fouling layer. They could have become adsorbed on the
polymer, as well as on GGM already adsorbed by hydrophobic, van der Waals, or
electrostatic interactions [120]. Rinsing with water would destabilize them, leaving
only fatty acids and resin acids behind.
Additional analysis supported the findings of the QCM-D adsorption studies. The
CAs after fouling and subsequent rinsing with Milli-Q water were similar for the three
solutions, and were in the range of 42◦ –56◦ . Thus, they were lower than the CA of
the spin-coated polysulfone film. The transformation to a slightly more hydrophilic
surface supports the hypothesis that hydrophilic GGMs remain adsorbed on the polymer film after rinsing. The results of analysis of fouled membranes using ATR-FTIR
(Papers III and v) on fouled membranes support the theory of hemicelluloses as the
main foulant in this process.
The flux analysis presented in Section 4.1 indicates pore blocking or gel formation as
the main reason for flux decline, while the adsorption studies with QCM-D support
the theory of cake or gel formation, as rinsing removed a significant part of the fouling
layer. The later can also be linked to the findings of BET analysis that also indicate
the formation of a cake or gel layer for cross-flow filtration (Papers III and v). The
strong tendency of compounds to adsorb on the polymer film suggests additionally
adsorptive fouling on the membrane surface or pore blocking at the pore entrance.
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6

Membrane Cleaning
following Fouling by
Thermomechanical Pulping
Process Water

Common membrane cleaning strategies were briefly described in Section 2.4. Alkaline and enzymatic cleaning of UFX5-pHt membranes fouled with thermomechanical
pulping process water (Paper II) and alkaline cleaning of ES404 membranes fouled
with bleach plant effluent from sulfite pulping (Paper vI) were investigated in this
work. The findings presented in (Paper II) are discussed in this chapter, together with
those from an additional study on acidic cleaning of UFX5-pHt membranes fouled
with thermomechanical pulping process water by our group [123] (see Figure A.4 in
the Appendix). This chapter starts with a brief general note on membrane conditioning in 6.1. The impact of alkaline membrane cleaning on the fouling layer is discussed
in Section 6.2, followed by a brief discourse on acidic cleaning and its impact on the
fouling layer in Section 6.3. The possibility of enzymatic cleaning of the membranes
is discussed in Section 6.4.

6.1

Conditioning

Membrane cleaning is often evaluated by comparing the pure water flux, or permeability, of the membrane after fouling and rinsing, to its pure water flux after cleaning.
In general, membrane cleaning is considered successful if 80–95% of the membrane
permeability is recovered [124]. However, the most important parameter in a membrane process is the production flux, and membrane cleaning can thus be regarded as
being successful when this is recovered [41]. A substantial increase in permeability,
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well above 100% of the initial membrane permeability, indicates that the membrane
has been physically damaged during cleaning. A slight increase in permeability could
indicate that the permeability of the pristine membrane was incorrectly determined.
New membranes are usually conditioned before use to remove storage chemicals. This
is typically done by alkaline cleaning. If conditioning is inadequate, chemicals will
remain in the membrane [125], and the measured permeability of the pristine membrane will be too low. During filtration, the remaining storage chemicals will be
flushed out, and effective membrane cleaning will result in a higher permeability
than the initial one. For this reason, membrane cleaning should not only be evaluated based on permeability. Instead, it is recommended that the success of cleaning
be confirmed using ex situ or in situ methods, even if this is difficult due to the often
low amount of foulants on the membrane surface or in the pores after cleaning [41].

6.2

Alkaline cleaning

It has been shown that UF of thermomechanical pulping process water leads to severe
membrane fouling, mainly by organic compounds such as GGM and extractives. Alkaline cleaning is the most suitable cleaning strategy for this kind of fouling, which is
why it was investigated using NaOH dissolved in deionized water, or the commercial
alkaline cleaning agent Ultrasil 10. Ultrasil 10 consists mainly of NaOH, together
with tensides and surfactants. The concentration of NaOH in both cleaning agents
was adjusted so as to be the same.
The membrane permeability after fouling in dead-end mode at 70◦ C and 2 bar TMP,
and after subsequent alkaline cleaning is shown in Figure 6.1. Cleaning with NaOH
alone was not sufficient, as the permeability was about 45% of the initial value after
one cleaning cycle. A second cleaning cycle with NaOH led to a slight increase in the
permeability, but not to a satisfactory level. In contrast to cleaning with NaOH, a single cleaning cycle with Ultrasil 10 led to a permeability of roughly 110%, and a second
cleaning cycle with Ultrasil 10 increased the permeability even more (roughly 130%).
This increase in permeability was probably the result of insufficient membrane conditioning, as lab experiments revealed that the storage chemicals were only completely
removed after five conditioning steps with a concentration of 0.5% Ultrasil 10 [126].
Conditioning was only performed once per membrane in the present work, using a
higher concentration of Ultrasil 10 (1%). A reason why cleaning with Ultrasil 10 was
significantly better than with NaOH alone is probably the presence of surfactants and
chelating compounds in this cleaning agent. Maartens et al. [52] investigated various
strategies for cleaning UF membranes fouled with process streams from pulp and paper making, and described the same positive influence of surfactants on the cleaning
efficiency of the alkaline cleaning as that reported in Paper II.
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Figure 6.1 Permeability normalized to the value for the pristine membrane after fouling
with thermomechanical pulping process water and subsequent cleaning with either NaOH or
Ultrasil 10.

Analysis of the membrane surface with SEM revealed that despite complete recovery
of the permeability, fouling was still present on the membrane surface (Figure 6.2).
However, ATR-FTIR analysis indicated that almost all the fouling was removed after cleaning with Ultrasil 10. The ATR-FTIR spectrum of the cleaned membrane
corresponds well with that of the pristine membrane, but a peak is still visible at a
wavenumber of 1728 cm−1 (Figure 6.3). This peak can be ascribed to stretching of
the C – O bonds of the acetyl groups in hemicelluloses [110, 127, 128]), which indicates that hemicelluloses are still present on the membrane after alkaline cleaning
with Ultrasil 10. Thuvander et al. [78] analyzed the ratio of the three monosaccharides galactose:glucose:mannose in the fouling layer remaining after UF of thermomechanical pulping process water and subsequent alkaline cleaning with Ultrasil 10.
They found significantly lower amounts of galactose and mannose than in the dominant type of hemicelluloses in the process water, which is GGM. This indicated that
a polysaccharide other than GGM could have been adsorbed on the membrane, and
they suggested that glucan caused the detected fouling. However, it is more likely
that galactose and mannose are most easily removed from the fouling layer during alkaline cleaning due to alkaline hydrolysis of the glycosidic linkages in the backbone of
GGM and by peeling reactions [33]. This may result in acetylated glucose remaining
adsorbed on the membrane, which is also supported by the observations of Thuvander
et al. [78].

6.3

Acidic cleaning

In a study related to the work described in this thesis [123], acidic cleaning of
UFX5-pHt membranes fouled with MF permeate from thermomechanical pulping
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Figure 6.2 SEM images of UFX5-pHt membranes fouled with thermomechanical pulping process water and cleaned with NaOH (A) and Ultrasil 10 (B).
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Figure 6.3 ATR-FTIR spectra of a pristine UFX5-pHt membrane, a membrane fouled with
thermomechanical pulping process water and a fouled membrane after two-times cleaning with
Ultrasil 10.

process water was investigated. Acidic cleaning was conducted under the same conditions as alkaline cleaning but with a 2% solution of Ultrasil 75 (Ecolab, Germany).
This cleaning agent contains phosphoric acid and nitric acid. Figure 6.4 shows the
change in permeability after fouling with MF permeate and cleaning with the acidic
agent followed by Ultrasil 10, or vice versa. It is clear that acidic cleaning did not
improve the membrane permeability significantly, regardless of whether it was performed before or after alkaline cleaning. This trend was also observed by Thuvander
et al. [78], who investigated acidic cleaning with the same cleaning agent at a concentration of 0.5% Ultrasil 75 after UF of thermomechanical pulping process water.
Acidic cleaning was not successful, because inorganic fouling was probably not a major problem in this application. When acidic cleaning was performed as the second
and final step, the permeability was slightly reduced. This is in line with the common
recommendation to conclude cleaning of polysulfone membranes with an alkaline
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agent, as this affords a negative charge to the functional groups on the surface of the
membrane, which usually results in the highest permeability [41]. Acidic cleaning
was therefore not further investigated.
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Figure 6.4 Permeability normalized to the pristine value of the membrane after fouling with
thermomechanical pulping process water and either subsequent acidc cleaning followed by alkaline cleaning with Ultrasil 10 or alkaline cleaning with Ultrasil 10 followed acidic cleaning.

Even though the MF permeate of thermomechanical pulping process water was investigated in the supplementary study [123], while sieved thermomechanical pulping
process water was used in the study described in Paper II, the fouling behavior was
similar and can thus be compared (see MF permeate and process water in Figure 5.4
and Paper Iv).

6.4

Enzymatic cleaning

Enzymatic cleaning was investigated as an environmentally sound alternative for
membrane cleaning following fouling by UF of thermomechanical pulping process
water (Paper II). The enzyme cocktail was designed to remove the most important foulants in the system, i.e., enzymatic hydrolysis of the dominant hemicellulose
GGM, as well as lipids and the carboxylic ester bonds of extractives.
The permeability of UFX5-pHt membranes after fouling with thermomechanical
pulping process water, cleaning with the enzyme cocktail only, and after subsequent
alkaline cleaning with either NaOH or Ultrasil 10, is presented in Figure 6.5. The
results show that a single cycle of enzymatic cleaning was not sufficient to recover the
permeability of the membrane. In fact, the permeability was reduced after enzymatic
cleaning. This is probably due to the adsorption of enzymes on the membrane surface, and perhaps also on the fouling layer. The permeability was fully recovered only
after alkaline cleaning with Ultrasil 10. These findings are in accordance with those
reported by Maartens et al. [52], who described similar observations on enzymatic
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cleaning of UF membranes fouled with process water from pulp and paper making.
However, ATR-FTIR analysis indicated that cleaning with the enzyme cocktail had
a positive effect. Figure 6.6 shows the ATR-FTIR spectra from a pristine membrane,
a fouled membrane, and a membrane cleaned enzymatically and subsequently with
Ultrasil 10. It can be seen that the peak at 1728 cm−1 , pointing to the presence of
hemicelluloses on the membrane, was absent after enzymatic cleaning followed by alkaline cleaning. This is promising, in comparison to two-cycle alkaline cleaning with
Ultrasil 10 as it suggests that the combination of enzymatic cleaning and Ultrasil 10
removes hemicelluloses from the membrane surface.
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Figure 6.5 Permeability normalized to the value for the pristine membrane after fouling with
thermomechanical pulping process water and subsequent cleaning with either the enzyme cocktail and NaOH or the enzyme cocktail and Ultrasil 10.
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Figure 6.6 ATR-FTIR spectra from a pristine UFX5-pHt membrane, a membrane fouled with
thermomechanical pulping process water and a fouled membrane after enzymatic cleaning followed by alkaline cleaning with Ultrasil 10.

The positive effect of enzymatic cleaning was even more clearly shown in a multi-cycle
study, where the same membrane was repeatedly fouled and cleaned. The membrane
permeability after the various fouling and cleaning steps is presented in Figure 6.7.
The membrane was cleaned twice with Ultrasil 10 after the first, second and fourth
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fouling cycle. After the third fouling cycle, the membrane was cleaned with the
enzyme cocktail and thereafter with Ultrasil 10. It can be seen that repeated UF
of thermomechanical pulping process water led to severe fouling, despite successful
cleaning after the first UF cycle. However, in contrast to the results found after one
cycle of fouling and cleaning (Figure 6.5), in this multi-cycle study, enzymatic cleaning resulted in an increase in membrane permeability. Subsequent alkaline cleaning
resulted in a higher permeability than after cleaning in the second cycle. Despite
this, the membrane was so severely fouled in the last cycle that the study had to be
stopped. The positive effect of enzymatic cleaning is further proof that the adsorption
of hemicelluloses is an important reason for the flux decline observed in this system.
1.4

Normalized permeability

Fouling

1.2
1

Enzymatic cleaning
Alkaline cleaning

0.8
0.6
0.4
0.2
0

1st cycle

2nd cycle

3rd cycle

4th cycle

Figure 6.7 Normalized permeability after fouling with thermomechanical pulping process water and subsequent cleaning. The same membrane sample was used throughout the experiment.

In addition to measurements of the permeability and ATR-FTIR analysis, the CA of
the membrane was measured and SEM-EDS analysis was performed. The CA measurements showed that the hydrophobicity of the membrane surface was significantly
higher after the multi-cycle study than initially, which indicates the adsorption of hydrophobic extractives on the membrane surface. The problem of membrane fouling
resulting from the adsorption of extractives during UF of process water from pulp and
paper making has been pointed out previously [7, 37]. The results of the SEM-EDS
analysis are presented in Figure 6.8A, which shows an image of the surface of the
membrane, and in Figure 6.8B, which shows the corresponding spectra. Particles of
various sizes can be seen on the membrane surface, despite the fact that the membrane had been cleaned. It is not surprising that the permeability of this membrane
is very low compared to the membrane cleaned tow times with alkaline (Figure 6.2)
and the pristine membrane (Figure 2.2B). EDS analysis revealed only small amounts
of inorganic compounds, although iron and copper were found. Both could originate
from the quick connection coupling that connects the nitrogen supply to the module
providing the TMP. It is made of alloy containing iron and might have contaminated
the sample during the relatively long duration of the multi-cycle study. Silicon is ex-
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pected as it is a common element in wood, and gold and platinum originate from the
sputter coating for SEM imaging, while sulfur originates from the polysulfone of the
membrane. It is therefore clear from the EDS analysis why acidic cleaning was not
successful in this case, as there was no notable fouling by inorganic compounds.
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Figure 6.8 SEM-EDS image (A), and spectrum (B) from a UFX5-pHt membrane alternately
fouled with thermomechanical pulping process water and cleaned with Ultrasil 10 or the enzyme
cocktail (see Figure 6.7). (Unpublished data.)

6.5

Final remarks on membrane cleaning after fouling with
thermomechanical pulping process water

Membrane fouling after UF of thermomechanical pulping process water is a serious
problem, and it is thus important to find a suitable cleaning strategy.
In terms of permeability recovery, it was found that alkaline cleaning with a commercial alkaline cleaning agent containing surfactants and chelating agents, such as
Ultrasil 10, was best. However, ex situ analysis with several techniques showed that
some foulants still remained on the membrane, despite the complete recovery of the
permeability. This was not problematic when one cycle of fouling and cleaning was
performed, but when several cycles of fouling and cleaning were performed using the
same membrane, compounds accumulated on the membrane, and the permeability
successively decreased. ATR-FTIR analysis together with CA measurements suggest
that this was due to hemicelluloses and extractives.
Acidic cleaning was not found to be a useful cleaning strategy in this membrane process.
The more environmentally sound approach of enzymatic cleaning was found not to
be effective in terms of permeability recovery when one cycle of fouling and cleaning
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was performed. The membrane permeability was actually reduced when enzymatic
cleaning was performed without a subsequent alkaline cleaning step. However, ex situ
analysis indicated that enzymatic cleaning reduced the amount of polysaccharides on
the membrane. Despite the fact that this had no positive effect on the permeability
recovery in the single-cycle experiments, a remarkable effect was seen after enzymatic
cleaning during a multi-cycle fouling and cleaning study.
It was therefore concluded that a combination of alkaline cleaning with an agent containing NaOH, surfactants and chelating agents, and enzymatic cleaning is likely to
be the best approach for cleaning UF membranes following the filtration of thermomechanical pulping process water.
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7

7.1

Conclusions and Future
Perspectives
Conclusions

Membrane fouling and cleaning in membrane processes in lignocellulosic biorefineries have been investigated with ex situ and in situ analytical methods. Valuable insights were gained using imaging techniques such as SEM in combination with EDS.
Surface roughness measurements with AFM provided further important information.
CA measurements were made in most of the studies, but were found to be error-prone.
ATR-FTIR has been shown to be a fast and easy method for the chemical analysis of
membrane fouling and cleaning results. Information was obtained on the distribution
of fouling on and in membranes using BET surface analysis, which has to date rarely
been used to investigate the impact of fouling on the inner structure of membranes.
It was found that in situ real-time monitoring of membranes has considerable potential to deepen our knowledge on the underlying processes leading to membrane
fouling and influencing membrane cleaning. QCM-D was identified as an especially
promising method for the monitoring of early-stage adsorptive membrane fouling in
lignocellulosic biorefineries. However, an appropriate model system is required for
the successful application of QCM-D.
Most of the work presented focuses on membrane fouling of UFX5-pHt membranes
by UF of thermomechanical pulping process water. The development, structure and
composition of the fouling layer formed during this process were analyzed in detail.
It was found that GGM together with colloidal droplets were the main causes of
membrane fouling in this process. Fouling was caused by both adsorption and pore
blocking. GGM is immediately adsorbed on the membrane surface, creating a thin,
rigid layer. Colloid droplets then accumulate, making this layer thicker and softer.
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Rinsing can remove some of the fouling, but a very thin and very rigid layer remained
attached to the membrane surface as irreversible fouling. Ex situ analysis showed that
this layer was mostly comprised of GGM and residues of extractives. Based on the
results of BET analysis, it was possible to determine that the foulants also penetrate the
membrane, causing a change in its inner structure. Although temperature affected the
flux, no notable impact was detected on the change of the inner structure by fouling
at different temperatures. The same observations were made for the TMP and CFV.
However, at elevated temperatures, compaction of the fouling layer was observed over
time.
Investigations on membrane fouling during UF of other relevant process solutions
from lignocellulosic biorefineries identified lignin, extractives, and magnesium hydroxide as the main foulants, thus highlighting the need for cleaning strategies tailored
to each individual process.
Various membrane cleaning strategies were investigated. For the reference system, it
was found that cleaning with the alkaline agent Ultrasil 10 gave the best results for
membranes fouled by one cycle of UF of thermomechanical pulping process water.
The efficacy of a home-made enzyme cocktail was investigated as an alternative cleaning agent. When subjecting the membrane to several fouling and cleaning cycles, the
combination of enzymatic cleaning followed by alkaline cleaning with Ultrasil 10 was
found to give the best results in terms of the recovery of the membrane permeability.
Ex situ analysis with ATR-FTIR showed that especially GGM seem to accumulate on
the membrane when cleaned only with Ultrasil 10. However, they were successfully
removed by enzymatic cleaning.
Thorough investigations of membrane fouling and membrane cleaning with ex situ
methods in combination with in situ real-time monitoring techniques such as
QCM-D, have led to an improved understanding of the composition, structure, and
development over time of the fouling layer, enabling improvements in cleaning strategy. In particular, in situ real-time monitoring of membrane fouling and cleaning
can assist in the optimization of membrane processes in lignocellulosic biorefineries.
Based on the findings from real-time monitoring studies, operational parameters such
as the timing and duration of flushing and membrane cleaning, or the most suitable
type and concentration of cleaning agent, can be tailored. This will lead to prolonged
membrane lifetime, a reduction in plant downtime, and a reduction in the amount of
chemicals and water used, ultimately resulting in lower process costs, and promoting
the wider application of membrane separation processes. The findings of this work
will support the transition from the current fossil-based economy towards a bio-based
circular economy.
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7.2

Future perspectives

Fouling in the inner membrane structure should be investigated further to confirm the present BET analysis findings. However, this is challenging as the pores
in UF membranes are on the nanometer scale. A promising approach would be
to use synchrotron-radiation-based techniques such as small-angle X-ray scattering
(SAXS) and X-ray computed nanotomography, or the combination of both as in X-ray
ptychography, as these techniques provide sufficiently high resolution. Some initial
studies have already been performed on membrane manufacturing, membrane aging
by cleaning, and membrane fouling, but mainly with mCT [129–131]. Synchrotron
X-ray nanotomography could be combined with image analysis to determine the pore
size and volume distribution in the membrane, and thus the influence of membrane
fouling and cleaning.
Furthermore, it would be interesting to monitor the adsorption of each individual
foulant (GGM, colloidal droplets, lignin). The challenges in this lie in the extraction
of GGM and lignin from the process streams and on the creation of model colloidal
droplets. The creation of model droplets of colloidal extractives stabilized by GGM is
the most difficult, but could be inspired by the work of [132] who created such model
colloidal droplets. Moreover, QCM-D also detects water in the adsorbed layer, and it
should be combined with other techniques, such as ellipsometry or surface plasmon
resonance spectroscopy, to take the water into account. It may also be possible to
investigate the effects of cleaning on the structure of the fouling layer in situ using
liquid-state AFM.
Having obtained information in the ways outlined above, it would be easier to optimize membrane cleaning in a structured way. The impact of cleaning agent concentration, cleaning duration, and cleaning temperature could be investigated using a
response surface methodology. If these cleaning parameters could be optimized, the
next step would be to improve rinsing by optimizing the rinsing duration and water
consumption, all of which are cost drivers and major factors for a resource-efficient
process.
In situ monitoring should be more widely applied in the field of membrane science
and technology. This can be achieved by supporting and increasing the exchange
of knowledge and information between industrial membrane users, instrument suppliers, and membrane scientists. Figure 7.1 shows the techniques available for the
determination of the thickness and chemical composition of fouling layers on different scales. It is clear that tools are needed to monitor the chemical composition of
fouling on all scales, but especially on the industrial scale. Raman spectroscopy may
prove useful for this, as shown recently [76, 133].
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Figure 7.1 Overview of suitable techniques for in situ real-time monitoring of membrane fouling. The techniques identified as having the greatest potential for commercial application are
highlighted in blue. (Figure adapted from [53].)

The ultimate goal is to improve the industrial application of membrane processes. This
could be achieved by developing monitoring tools to predict the best time for membrane cleaning and, based on the feed solution and process setup, the best cleaning
procedure for the separation task.
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Appendix

Figure A.1 Schematic of the dead-end module. TMP was generated by nitrogen gas and set
with a valve connected to the feed side. The temperature and the angular velocity of the stirrer
were controlled by a magnetic stirrer with a built-in heating plate.
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Figure A.2 Computational fluid dynamics simulations of the flow conditions in the dead-end
module for a water-like solution. The gradient legends show the velocity in m/s. (Adjusted from
[8].)

Figure A.3 Computational fluid dynamics simulations of the flow conditions in the cross-flow
module for a water-like solution at 50◦ C. The design was done by B. Al-Rudainy, the modelling
by G. Rudolph. Left: The color gradient legend indicates the velocity magnitude in the module
with red being the highest and blue being the lowest value. Right: Arrows and the color gradient
legend indicating the direction and the strength of the volume flow, respectively.
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Pure water flux after fouling and cleaning

•

•

Wood compounds like cellulose, hemicelluloses and
lignin have great potential as biobased value-added
products

Microfiltration (MF) and ultrafiltration (UF) will play
important roles as separation processes in biorefineries

Challenges
•

Fouling is a great obstacle in the introduction of
membrane processes in biorefineries: it reduces flux and
alters retention

•

Cleaning reduces negative effects of fouling but requires
chemicals, harsh cleaning conditions and causes
downtime, and thus has a negative impact on process
costs

Methods
Recovery of hemicelluloses from process water from a
thermomechanical pulp mill
Microfiltration
Process
water

Ultrafiltration
2

1

Purified
water

2000
1500
1000
500
0
Fouled

Alkali

Acid

Chlorine

Acidic and alkaline cleaning are insufficient as sole
cleaning methods

•

Chlorine cleaning is needed to recover membrane
permeability

•

Chlorine cleaning is more efficient after acidic and
alkaline cleaning
UF membrane
200
150
100
50
0

Hemicelluloses

Colloids

2500

•

Permeability (L/m2/h/bar)

Aim: Tailored cleaning protocols to maintain a high filtering
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Cleaning
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Outlook
•

Examine fouling and cleaning with in situ methods
(QCM-D, Ellipsometry, Raman spectroscopy, ToF-SIMS)
to obtain a deeper insight into interactions at membrane
surfaces

•

Investigate the possibility to replace chlorine with
hydrogen peroxide during cleaning of MF membranes

•

Examine enzymatic cleaning of UF membranes

•

Develop tailored cleaning protocols adapted for specific
operation conditions and feed composition
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1.0 wt% Ultrasil 10, containing sodium hydroxide and
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Figure A.4

Poster from the 7th Nordic Wood Biorefinery Conference in Stockholm, 2017 [123].
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