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Abstract

One of the major challenges facing the world today is the reduction of our depen-
dency on fossil resources as their exploitation has severe negative effects on the
environment. One way of realizing this is to utilise the components of lignocel-
lulosic biomass to a greater extent as feedstock for various industrial products.
However, such utilisation requires the extraction of the biopolymers from their
native structure, followed by efficient isolation from the complex extraction so-
lution. The aim of this work was to develop processes that can be used on a large
scale for the separation and recovery of biomass components from various kinds
of industrial process streams.

In the first part of this work, a membrane-based separation process was devel-
oped that allows the fractionation of biomass components in two different pro-
cess waters originating from mechanical pulp production. Filtration and mem-
brane filtration were optimised in order to obtain concentrated fractions of wood
fibre residues, suspended/colloidal matter, hemicelluloses and lignin. The most
valuable fraction obtained from this process was the ultrafiltration retentate, con-
taining up to 64 g/1 of hemicelluloses at a purity of about 60%. Furthermore,
the process generated a purified water stream that could be reused in the pulp
mill. Using enzymatic treatment, it was possible to cross-link hemicelluloses in
pulp mill process water, thereby increasing their molecular mass. Subsequent
ultrafiltration was shown to partly separate hemicelluloses with high molecular
mass from those with low molecular mass. This approach could be of interest in
cases where large hemicelluloses with a narrow size distribution are needed for
the manufacture of bio-based products.

The major objective in the second part of the work was to recover hemicellu-
loses from a high-viscosity solution obtained after alkali extraction from wheat
bran. Hemicelluloses were separated from the extraction chemical (sodium hy-
droxide) using a ceramic ultrafiltration membrane with a cut-off of 10 kDa. Only
a moderate flux was achieved (up to 75 1/m?h) by optimising the operating con-
ditions. However, flux could be increased substantially (to 225 1/m?h) by the
introduction of dead-end filtration prior to ultrafiltration. It was also shown
that the extraction chemical could be recovered from the ultrafiltration permeate
by nanofiltration. An extremely high flux and good removal of organic impuri-
ties (lignin, sugars) were achieved with the polymeric nanofiltration membranes
NP010 and MPF-36. Preliminary cost estimates revealed that the investment in
a nanofiltration plant would be paid back after only 1150 h of operation.



Populirvetenskaplig sammanfattning

De flesta produkter som vi dagligen anvander tillverkas genom att utnyttja fossila
révaror som olja, kol och naturgas. Ett stort problem &r att dessa ravaror bara
finns i begransade méngder i naturen, vilket medfor att de forr eller senare tar
slut. Dessutom medf6r forbranning av fossila ravaror att det bildas miljoskadande
gaser (t.ex. koldioxid) som ansamlas i atmosfaren och bidrar till den globala
uppvarmningen. For att begrédnsa miljobelastningen ar det darfor viktigt att vi
minskar anvidndningen av fossila ravaror i framtiden genom att istéllet anvinda
fornyelsebara material som biomassa i storre utstrackning.

Biomassa (t.ex. skogs- och jordbruksprodukter) innefattar allt organiskt ma-
terial som bildas i naturen och bestar huvudsakligen av tre komponenter: cellu-
losa, hemicellulosa och lignin. Under de senaste aren har man gjort stora fram-
steg for att ta fram tekniker for tillverkning av vardefulla produkter ur biomas-
sas olika komponenter. Till exempel ar det idag mojligt att tillverka bioetanol
frén cellulosa, vilket 4r ett miljovénligt bransle for vara bilar. Hemicellulosa kan
anviandas som utgdngsmaterial till barridrfilmer som kan ersitta plast och alu-
minium i livsmedelsférpackningar. Aven for lignin har forskare hittat mycket in-
tressanta tillimpningar. Lignin har visat sig att vara ett utmaérkt fast biobrénsle
och kan ocksa anvindas for att tillverka kompositmaterial och kemikalier.

Aven om det finns flera alternativa méjligheter att anvinda biomassa, s& ar
detta tyvérr inte alldeles enkelt. Cellulosa, hemicellulosa och lignin 4r i biomassa
bundna till varandra och bildar dér ett stabilt nitverk. Man maste darfér be-
handla biomassan pé nagot sétt for att bryta upp nitverket och géra komponen-
terna tillgdngliga. I ménga industriella processer uppnds detta genom att be-
handla biomassan vid hog temperatur och hogt tryck, eller genom att anvianda
starka kemikalier. D& bildas vétskor som & ena sidan innehaller relativt stora
mangder virdefulla biopolymerer, men & andra sidan ocksé en hel del o6nskade
fororeningar. Forutsittningen for att kunna anvénda de tillgédngliga biopolymer-
erna till nya produkter ar att man kan rena upp dem genom att skilja dem frén
varandra och frén féroreningarna. Men &n s liange saknas det bra processer for
detta dndamal. Mélsittningen med mitt projekt var darfor att utveckla lampliga
separationsmetoder som gor det mojligt att utvinna biomassas komponenter fran
industriella vétskor pé ett kostnads- och energieffektivt sitt.

Jag har i mitt arbete huvudsakligen anvént en separationsteknik som kallas
for membranfiltrering. I denna teknik anvinder man ett tatt filter i vilket det
finns hal (porer) som &r s& sma att de inte ens kan ses med blotta 6gat. Genom
att man véljer membran med lagom stora hél, kan man samla de olika biopoly-
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mererna i separata fraktioner och dessutom plocka bort féroreningarna. Men att
skilja ménga substanser i en vatska frdn varandra dr komplicerat. Det kan beho-
vas flera pé varandra féljande steg, med olika membran i de olika stegen. Dessu-
tom ar det mycket viktigt att man valjer rétt driftsbetingelser ndr man anvén-
der sig av membranfiltrering. Till exempel & membranets prestanda beroende
av vitskans temperatur, tryckskillnaden mellan membranets bada sidor (trans-
membrantryck) och vétskans hastighet vid membranytan (tvarstromshastighet).
For att forsvéra det ytterligare kan man inte anvdnda samma parametrar for alla
vétskor, utan de maste anpassas specifikt for varje enskild tillimpning.

Jag har i mitt doktorandarbete i detalj studerat vilka steg som behovs och
vid vilka driftsbetingelser det gér bést att utvinna biopolymererna (framfor allt
hemicellulosa) frin olika industriella véitskor. Tre olika féretag har forsett mig
med processvétskor och i avhandlingen diskuterar jag upparbetningsstrategier
for dessa vitskor baserade pd membranfiltrering. Fran min synpunkt var det
viktigast att f ett s& hogt utbyte som majligt av de vardefulla biopolymererna,
att gora processen kostnads- och energieffektiv samt att processen kan tillimpas
i industriell fullskala.

iii



List of publications

This thesis is based on the following papers, which will be referred to in the text
by their roman numerals. The papers are appended at the end of the thesis.

L.

II.

1.

VI

iv

Persson, T., Krawczyk, H., Nordin, A.-K. and J6nsson, A.-S.
Fractionation of process water in thermomechanical pulp mills. Bioresource
Technology, 2010, 101(11), 3884-3892.

Krawczyk, H. and Jonsson, A.-S.

Separation of dispersed substances and galactoglucomannan in thermome-
chanical pulp process water by microfiltration. Separation and Purification
Technology, 2011, 79(1), 43-49.

Krawczyk, H., Oinonen, P and J6nsson, A.-S.

Combined membrane filtration and enzymatic treatment for recovery of
high molecular mass hemicelluloses from chemithermomechanical pulp
process water. Chemical Engineering Journal, 2013, 225, 292-299.

Krawczyk, H., Arkell, A. and Jonsson, A.-S.

Membrane performance during ultrafiltration of a high-viscosity solution
containing hemicelluloses from wheat bran. Separation and Purification
Technology, 2011, 83, 144-150.

Krawczyk, H., Arkell, A. and J6nsson, A.-S.

Impact of prefiltration on membrane performance during isolation of
hemicelluloses extracted from wheat bran. Separation and Purification
Technology, 2013, 116, 192-198.

Arkell, A., Krawczyk, H., Thuvander, J. and Jonsson, A.-S.

Evaluation of membrane performance and cost estimates during recovery of
sodium hydroxide in a hemicellulose extraction process by nanofiltration.
Separation and Purification Technology, 2013, (Accepted)



My contribution to the publications

I. 1 planned and carried out the experimental work together with Tobias
Persson and Anna-Karin Nordin. I was involved in writing the article.

II. I planned and carried out all the experimental work. I wrote the article.

II. I planned and carried out all the experimental work apart from the enzy-
matic treatment, which was performed by Petri Oinonen. I wrote the article.

IV. T planned and carried out the experimental work together with Anders
Arkell. Our industrial partner produced the hemicellulose extract. I wrote
the article.

V. I planned the study together with Anders Arkell, and carried out part of the
experimental work. Johan Thuvander and Filip Vrgoc performed most of
the ultrafiltration studies under my and Anders Arkell’s supervision. Our
industrial partner produced the hemicellulose extract. I wrote the article.

VI. I planned the study together with Anders Arkell, and performed a large part
of the cost calculations. Johan Thuvander carried out most of the experi-
mental work under my and Anders Arkell’s supervision. I wrote the article
together with the other authors.

Other related publications

Krawczyk, H., Persson, T., Andersson, A. and Jonsson, A.-S.
Isolation of hemicelluloses from barley husks.
Food and Bioproduct Processing, 2008, 86(C1), 31-36.

Roos, A., Persson, T., Krawczyk H., Zacchi, G. and Stalbrand, H.
Extraction of water-soluble hemicelluloses from barley husks.
Bioresource Technology, 2009, 100(2), 763-769.

Krawczyk, H. and Jonsson, A.-S.

The influence of feed flow channel diameter on frictional pressure drop, mem-
brane performance and process cost in full-scale tubular ceramic membranes.
Chemical Engineering Research and Design, 2013, (Accepted)



Acknowledgments

I am proud to have completed my research and written this PhD thesis. However,
I am very aware of the fact that this would not have been possible without the
help and support of many people. I would like to thank those who, in one way
or another, have contributed to this work.

Firstly, I would like to thank my main supervisor, Professor Ann-Sofi Jonsson, for
giving me the opportunity to become a PhD student at the Department of Chem-
ical Engineering. Thank you for always taking the time to discuss my research
results, for believing in me during my PhD studies, and for helping me to develop
as a researcher and a person.

I would also like to thank Dr Ola Wallberg, my co-supervisor. His experience and
exceptional knowledge about membranes, LabView and technical issues have
been useful to me in a number of situations. I had a great time assisting you in
the Heat Engineering course, and it was always fun to talk with you about the
current batch of beer bubbling at home.

My colleagues in the Membrane Filtration Group deserve special thanks: Dr
Tobias Persson, for welcoming and supervising me as an exchange student, and
for being such a good friend and colleague; your kindness and that of your family
encouraged me to return to Sweden and is one of the reasons I never felt for-
eign in this country; and Anders Arkell, for our fruitful collaboration during the
past 3 years. We made an excellent team, achieving good results together. Your
keen mind was always full of ideas, and you always appreciated my homebrewed
beers.

Much of the work presented in this thesis was the result of close collabora-
tion with partners from industry and other universities. I would like to thank
Anders Brolin, Dr Maria Gréndahl, Mathias Danielsson, Dr Anders Héije, Dr
Magnus Palmlof, Dr Frank Lipnizki and Petri Oinonen for rewarding collabo-
ration and meetings in various projects. Furthermore, I gratefully acknowledge
the Swedish Energy Agency and the Swedish Foundation for Strategic Environ-
mental Research (MISTRA) for their financial support.

Special thanks also go to previous and present colleagues at the Department of
Chemical Engineering, for creating a warm and inspiring atmosphere. I will def-
initely miss our conversations during the coffee and lunch breaks. Some people
deserve a special mention:

Vi



Professor Guido Zacchi, for inviting me to come to Lund as an exchange
student, although I finally decided to work in another research group;

Dr Mats Galbe, for all his help with the analytical instruments and com-
puter-related problems, and for always having the right words to encourage
me. Thank you also for your valuable comments during the time I was
writing my thesis;

Leif Stanley and Hans-Olof Jedlid, for helping me to construct the mem-
brane set-ups, and for always being available when a component suddenly
broke down. I am impressed by your ability to make devices run again
when I thought they were beyond repair;

Lill Dahlstrom, for taking care of all the administrative tasks and for re-
minding people to stick to the rules;

The Master’s students I supervised during the years, Marie Caesar, Johan
Thuvander and Filip Vrgoc, for their efforts and excellent work. I wish you
all good luck in your professional careers;

Dr Mattias Ljunggren, for his friendship and the great time I had sharing
an office with him. I really appreciate your including Aurélie and me in
your circle of friends;

Pia-Maria Bondesson, for being a very good roommate during my final year
at the Department;

My previous mentor, Dr Jeanette Lindau, for her valuable comments on
some of my articles and research results. I always enjoyed having coffee
with you.

I wish also to express my gratitude to my family. Mama und Papa, danke fiir
all eure Unterstiitzung und dafiir immer an mich geglaubt zu haben. Ohne eu-
ren Riickhalt gibe es diese Doktorarbeit nicht. Melanie, danke dafiir die beste
Schwester zu sein, die man sich wiinschen kann.

Finally, thank you Aurélie, for being such a wonderful person and for teaching
me to believe in my skills. Knowing that you always support me and stand by
my side gave me the strength to get this far.

vii



Abbreviations and symbols

Abbreviations
CTMP Chemithermomechanical pulp
TMP Thermomechanical pulp
Symbols
A Filtration area
Cc Concentration
J Permeate flux
k Mass transfer coefficient
AP Pressure difference across the membrane or the filter cloth
R, Hydraulic resistance of the filter cake
R, Hydraulic resistance of the membrane or the filter cloth
Rops Observed retention
R,, True retention
t Time
tforw Forward filtration time
tpulse Pulse length
v Volume
VR Volume reduction
Y Yield, recovery
a Specific resistance of the filter cake
K Concentration parameter
1 Dynamic viscosity
AT Osmotic pressure difference across the membrane
Subscripts
0 Initial state
b Bulk
f Feed
m At membrane surface
p Permeate
r Retentate

viii



Contents

Chapter 1 Introduction . ............. ... .. .. .. . . ... ... 1
1.1 Background. ... .... ... ... ... e 1
1.2 Aims and outline of thisthesis . ....................... 3

Chapter 2 Lignocellulosicbiomass . ...................... 5
2.1 The major components of biomass. .. ................... 6

2.1.1 Cellulose . . .. ... .. .. 6
2.1.2 Hemicelluloses . ... .......... . ... ... .... 7
2.1.3 Lignin. . ... ... e 9
2.1.4 Residual components . . ..................... 10

Chapter 3 Dissolution of biomass components in process streams . 11

3.1 The pulping processes . . . . . ... v v vttt 11
3.1.1 Chemical pulpingofwood . ................... 12
3.1.2 Mechanical pulpingofwood . . . ... ............. 12

3.2 Extraction from agricultural residues . . .................. 14
3.2.1 Alkaliextraction .. ........... ..., 15
3.2.2 Alternative extraction methods . ... ............. 16

3.3 Process streams used inthiswork . ..................... 16

Chapter 4 Unit operations for the separation of biomass components 19

4.1 Pressure-driven membrane filtration . ................... 19
4.1.1 Fundamental equations . . . ... ... ............. 20
4.1.2 Flux-enhancingmethods . .................... 23
4.1.3 Separation of biomass components with membranes . . . . 23

4.2 Conventional dead-end filtration . . . ... ................. 27

4.3 Non-filtration methods . ............. ... .. .......... 28

Chapter 5 Separation of components in pulp mill process water. . . 31

5.1 Removal of suspended matter and colloids . ............... 32
5.1.1 Microfiltration versus dead-end filtration . . ......... 33
5.1.2 Influence of poresize . ...................... 34
5.1.3 Influence of operating conditions . . . . .. .......... 35
5.1.4 Achievable yield and flux during concentration . . ... .. 38

ix



5.1.5 Flux enhancement by backpulsing . .............. 40

5.2 Separation of hemicelluloses and lignin . ................. 41
5.2.1 Screening of membranes . . ................... 42

5.2.2 Ultrafiltration performance during concentration . . . . . . 44

5.3 Cross-linking and hemicellulose fractionation .............. 46
5.4 Pure waterreCOVEIY . . ... ..o vt vttt ittt it 48
Chapter 6 Separation of components in alkaline extract ........ 51
6.1 Separation of hemicelluloses and the extraction chemical . ... .. 52
6.1.1 Influence of operating conditions . . . . ............ 53

6.1.2 Influence of pre-filtration . . . . .. ... ............ 55

6.1.3 Ultrafiltration performance during concentration . . . . . . 57

6.2 Separation of the extraction chemical and residual solids . . . . . . . 58
6.2.1 Screening of nanofiltration membranes . . ... ....... 59

6.2.2 Nanofiltration performance during concentration . . . . . . 60

6.2.3 Cost of recovering the extraction chemical ... ....... 61
Chapter 7 Conclusions and futurework . . . . ................ 63
7.1 Conclusions. . .. ... ... ... 63
7.2 Futurework . ..... ... . .. ... ... 65
References . . . . ... ... . 69



Chapter 1

Introduction

1.1 Background

The utilisation of fossil resources such as oil, coal and natural gas is one of the
major reasons for the high standard of living in many parts of the world. Almost
all fuels, materials and chemicals used in everyday life have, until now, been
produced to a greater or lesser extent from fossil resources. However, this is not
sustainable in the long term. Fossil resources are decreasing, and will soon be
depleted if their exploitation is not considerably reduced. Furthermore, the com-
bustion of oil, coal and natural gas leads to the emission of carbon dioxide and
other greenhouse gases, which are associated with shifts in the global climate.
There is strong evidence that the increase in the average temperature on Earth,
of 0.74°C within the last century, is the consequence of the increased use of fossil
resources, and the rise in temperature is expected to be even greater in the com-
ing century (1.1 to 6.4°C) [1]. Itis thus clear that industrial and fuel needs must
be made less dependent on fossil resources, for example, by increasing the use of
renewable materials such as lignocellulosic biomass as a feedstock for industrial
products.

Although some products are already made from lignocellulosic biomass, its
full potential as a resource for bio-based products has not yet been realized.
Among the major components of biomass, cellulose is the only one that has found
widespread applications as an industrial feedstock. This polysaccharide has been
used for more than a century, for the manufacture of various paper qualities in
the pulp and paper industry, and it is also a suitable raw material for the produc-
tion of textiles [2]. In the near future, cellulose from lignocellulosic biomass is
expected to play an important role as a feedstock for renewable transportation
fuels such as bioethanol [3, 4], and it has also shown great promise for use in
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1.1. Background

high-performance materials such as cellulose nanopaper films [5]. The other two
main biomass components, hemicelluloses and lignin, are far from being fully ex-
ploited for commercial products, although possible future applications have been
identified. Research has shown that hemicelluloses have suitable properties for
use in renewable barrier films [6-8], coatings [7] and hydrogels [9, 10]. Other
suggested applications are as additives during paper making [11, 12] and as
health food ingredients due to the prebiotic properties of certain hemicelluloses
[13]. Lignin, being a macromolecule with a relatively high caloric value and
physical strength, could have a future as a renewable fuel [14], as a dispersant
for ceramics and clays [2], and as a feedstock in the manufacture of construction
materials such as carbon fibres [15].

A major obstacle to the increased utilisation of biomass is the fact that biomass
components are only rarely easily available. In their native forms, cellulose,
hemicelluloses and lignin are embedded in a rigid structure, and they must
first be released using treatment with chemicals or heat. This is done in many
processes in the bio-based industry, creating process streams in which valuable
biomass components are dissolved together with other co-extracted substances,
and sometimes extraction chemicals. The use of biopolymers in these mixtures
as feedstock for bio-based products is obviously only feasible if they can be ef-
ficiently recovered. However, until now, there has been little development of
cost-efficient separation processes for this purpose, and thus more research is
required on the separation of biomass components. As membrane filtration re-
quires a relatively low energy input, is highly selective, and allows separation
without the addition of chemicals, this technique is expected to play an impor-
tant role in the separation of biopolymers.

It may be possible, in the future, to exploit all the components of biomass
through the development of processes designed to separate and utilise ligno-
cellulosic biomass. One possible way of utilising biomass is illustrated in Fig-
ure 1.1. Hemicelluloses and lignin with high molecular mass can, for example,
be extracted from biomass by appropriate pretreatment. Both biopolymers can
then be purified and concentrated using membrane filtration, and subsequently
used for the manufacture of high-value products. The cellulose in the solid frac-
tion remaining after pretreatment can be hydrolysed to sugars and fermented to
ethanol, providing a source of biofuel after distillation. The lignin in the stillage
after distillation could also be utilised, for example, as a fuel or chemical. The
conversion of the entire raw material into products with large diversity is often
referred to as a biorefinery.
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Figure 1.1: Example of future biomass utilisation in a so-called biorefinery. The abbre-
viations C, HC and L denote cellulose, hemicelluloses and lignin. (Adapted from Hahn-
Hagerdal et al. [3])

1.2 Aims and outline of this thesis

The major objective of this work was to develop separation processes that can be
applied on a large scale for the recovery of valuable biopolymers, in particular
hemicelluloses, from process streams in the bio-based industry. Membrane fil-
tration was used in these processes, and the effects of factors such as the type of
membrane, the operating conditions and the process configuration on the mem-
brane performance were investigated. Process streams containing biopolymers
originating from wood or agricultural residues were used in the experimental
studies. Hence, this work also covers the influence of the properties of the solu-
tion on the separation performance.

In Chapter 2 the origin of the biomass components cellulose, hemicelluloses
and lignin is discussed, together with the chemical structure and molecule prop-
erties relevant for their separation. In Chapter 3 processes are presented that
lead to the dissolution of biomass components into a liquid phase. The most
relevant processes for this work are the mechanical pulping of wood and the
alkali extraction method. Membrane filtration was applied for the separation
of biomass components, but conventional dead-end filtration was used for pre-
filtration. Fundamental aspects of these separation techniques are described in
Chapter 4.

The experimental work was mainly aimed at developing a separation process
for process water from mechanical pulp mills. Chapter 5 presents the results ob-
tained during this development. The components in the process water were frac-
tionated into purified fractions of undissolved substances (e.g. fibre residues),



1.2. Aims and outline of this thesis

polymeric hemicelluloses, lignin and pure water, using a multi-stage process con-
sisting of microfiltration, ultrafiltration and nanofiltration. The molecular mass
of hemicelluloses can be increased by introducing an enzymatic treatment stage
in the process, which could enhance their suitability in high-value applications.

The other process stream used in this work was alkaline extract from wheat
bran; the most valuable component of which is hemicelluloses, although it also
contains considerable amounts of the extraction chemical and some impurities.
The results concerning the separation of the components in this kind of process
stream can be found in Chapter 6. A major challenge during the separation
of the components in alkaline extract is the high viscosity and the presence of
foulants, leading to low capacity during hemicellulose recovery by ultrafiltration.
Various strategies were studied to improve ultrafiltration performance, including
the application of pre-filtration. Furthermore, the possibility of recovering the
extraction chemical by nanofiltration was evaluated. Finally, some concluding
remarks and suggestions for future studies are presented in Chapter 7.



Chapter 2

Lignocellulosic biomass

Biomass is available in large quantities and has the potential to become an im-
portant resource for the manufacture of biofuels, biochemicals and biomaterials.
The use of biomass for such purposes is of particular interest as it offers the
possibility of reducing our need for fossil resources, and thus the emission of
greenhouse gases. However, in order to realize the sustainable and cost-efficient
utilisation of biomass, the raw material used for bioproducts should not compete
with the production of food, and should moreover be of low value. Lignocellu-
losic biomass, for example, the husks, straw and bran from agricultural crops and
materials based on wood fulfil these requirements, and have the further advan-
tage of being available in large quantities in agriculture and the forestry industry.
Lignocellulosic biomass is therefore considered to be an excellent feedstock for
future high-value bioproducts, and was the raw material studied in the present
work.

In order to achieve the separation of different substances one usually takes
advantage of the differences in structure and properties of the materials, such as
size, charge and solubility. As the major goal of this work was to develop cost-
efficient processes for the separation of components in lignocellulosic biomass,
detailed knowledge concerning the structural aspects of the major biomass com-
ponents is particularly important. The structure and properties of the compo-
nents of biomass and the ways in which these components are interconnected in
plant matter will therefore be discussed in this chapter.



2.1. The major components of biomass

2.1 The major components of biomass

Lignocellulosic biomass is mainly composed of cellulose, hemicelluloses and lig-
nin and, to a minor extent, additional substances such as extractives, pectins,
proteins and inorganic compounds (ash). The composition of lignocellulosic
biomass varies markedly among plant species, and between different parts of
the same plant [16]. The pulp mill process water used in the studies described
in Papers I-III contained substances originating from spruce wood, while the alka-
line extract used in the studies presented in Papers IV-VI was derived from wheat
bran. The compositions of the major components of these two lignocellulosic
materials are given in Table 2.1. In spruce, the presence of extractives should
also be mentioned (~1% of dry matter) [16], while in wheat bran proteins can
be present to a considerable degree (up to 15%) [17].

Table 2.1: The major components of the lignocellulosic materials studied in this work,
given as the percentage of dry solids.

Raw material Cellulose (%) Hemicellulose (%) Lignin (%)  Ref.
Spruce 46.5 25.1 30.9 [16]
Spruce 49.5 21.6 28.7 [18]
Wheat bran 14.8 49.7 5.3 [19]
Wheat bran 18.7 62.3 3.8 [17]
Wheat bran 25.0 45.0 6.0 [20]

2.1.1 Cellulose

Cellulose is the major component in most lignocellulosic materials. The total
amount of cellulose produced every year by nature exceeds 100 billion tons [21].
Cellulose is a homopolysaccharide, composed exclusively of (3-D-glucopyranose
subunits. These subunits are linked together by 1,4-glycosidic linkages, form-
ing linear cellulose chains containing typically 8000 to 15000 glucose residues
(see Figure 2.1) [21]. As a consequence of the high degree of polymerisation,
native cellulose has a high molecular mass. The single cellulose chains interact
with each other through strong inter- and intramolecular hydrogen bonds and
weak van-der-Waals forces. These interactions result in the formation of larger
arrangements consisting of several cellulose molecules, in which highly ordered
(crystalline) and less ordered (amorphous) regions exist [22]. These arrange-
ments are called microfibrils, and are commonly surrounded by hemicelluloses
and lignin. Microfibrils themselves interact to form fibrils, which in turn form
cellulose fibres.
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Due to the strong aggregation of cellulose chains in biomass, cellulose is
almost insoluble in most solvents, and has a high tensile strength [22]. Fur-
thermore, the fibrous structure and the interconnection with other biopolymers
protect cellulose to some extent against acid and enzymatic degradation. How-
ever, cellulose molecules can be degraded and solubilised after disruption of the
fibrous structure by pretreatment. Pretreatment and subsequent enzymatic or
acidic degradation are important steps in the production of second generation
bioethanol from lignocellulosic biomass [3, 18].
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Figure 2.1: Molecular structure of cellulose.

2.1.2 Hemicelluloses

Hemicelluloses are a group of amorphous polysaccharides that have lower molec-
ular mass, and a higher degree of branching than cellulose, and consequently
higher solubility in most solvents, including water [22]. Hemicelluloses are
composed of various hexose and pentose sugar residues. The most common
monomeric components are D-glucose, D-mannose and D-galactose, together
with D-xylose and L-arabinose. Smaller amount of D-glucuronic acid, D-galact-
uronic acid, 4-O-methyl-D-glucuronic acid and L-rhamnose may also be present.

Hemicelluloses are divided into the groups mannoglycans (mannans), xylo-
glycans (xylans), xyloglucans and f3-glucans, depending on the sugar composi-
tion of the backbone of the molecule [7, 23]. Several hemicelluloses belonging to
different groups can be found in the cell walls of plants. In softwood, galactoglu-
comannan is the principle hemicellulose, together with a minor amount of ara-
binoglucuronoxylan [24]. In hardwood, glucuronoxylan and glucomannan are
found, the former being predominant [25]. Agricultural residues contain con-
siderable amounts of xylan-type hemicelluloses, especially arabinoxylans [26].

Hemicelluloses are relatively stable at high pH, but the glycosidic linkages
in the macromolecules are easily cleaved under acidic conditions [12, 22]. In
the native form, the monomeric subunits of most types of hemicellulose are
acetylated. Under alkaline conditions the acetyl groups are cleaved from the
monomeric subunits [22], affecting the solubility of the molecules [12]. Details
of the structure and properties of the major hemicelluloses found in spruce wood
and wheat bran are presented below.
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Galactoglucomannan

Galactoglucomannan is the major hemicellulose found in softwood such as spruce
and pine (~20% of wood), and is also present without the galactose side groups
in hardwood [22]. As shown in Figure 2.2, its backbone consists of 3-D-gluco-
pyranose and f3-D-mannopyranose subunits linked together via 1,4-linkages.
Residues of a-D-galactopyranose are attached mainly to the D-mannopyranose
units of this backbone via 1,6-linkages, which gives the molecule a branched
structure. The D-mannopyranose units in galactoglucomannan are, furthermore,
known to be partly acetylated at the C-2 and C-3 positions. The degree of acety-
lation has been reported to be between 0.3 and 0.5 [27, 28]. In the early lit-
erature the existence of two types of galactoglucomannans was suggested [22].
The first type has been reported to be high in galactose with a typical galac-
tose:glucose:mannose ratio of 1:1:3. In the second type, the galactose content is
lower, and the mannose content higher (corresponding ratio 0.1:1:4). However,
it has recently been suggested that these structures do not coexist in plants, but
are rather the result of structural changes during extraction and isolation [12].
The average molecular mass of galactoglucomannan extracted with hot water
from spruce wood has been reported to be in the range of 20 to 78 kDa [12, 28].
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Figure 2.2: Molecular structure of galactoglucomannan.

Arabinoxylan

Arabinoxylan is the predominant hemicellulose in residues of agricultural crops
such as wheat bran and barley husks. The molecular structure of arabinoxy-
lan is shown in Figure 2.3. Arabinoxylans typically possess a 3-1,4-linked D-
xylopyranose backbone, which is substituted with 1,2- and/or 1,3-linked a-L-
arabinofuranose residues. Furthermore, other side groups, e.g. D-glucopyranosyl
uronic acid and its 4-O-methyl derivates, as well as ferulic acid, can be attached
to a minor degree [29]. Native arabinoxylan is partly acetylated at some of
the hydroxyl groups in the backbone. Similar to galactoglucomannan in spruce,
these acetyl groups are easily cleaved under alkaline conditions [26]. The ara-
binose:xylose ratio in the macromolecule, and thus the degree of branching, can
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vary considerably in arabinoxylan originating from different species and parts of
plants. In wheat bran the arabinose:xylose ratio has been reported to be about
1:1.07, while it is about 1:0.5 in wheat endosperm, and 1:0.78 in rye bran [29].
Furthermore, wheat bran arabinoxylan has been found to contain side chains
comprising more than one arabinofuranose residue [29].
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Figure 2.3: Molecular structure of arabinoxylan.
2.1.3 Lignin

Lignin is a complex macromolecule that provides plants with mechanical strength
by “gluing” the other cell wall constituents together. In contrast to cellulose and
hemicelluloses, lignin is not a polysaccharide, but is formed by polymerisation
of the phenolic precursors coniferyl alcohol, sinapyl alcohol and p-coumaryl al-
cohol. These monolignols have similar structures, but differ in the number of
methoxy groups. During polymerisation the precursors are connected with each
other in a random order resulting in a non-linear, highly cross-linked amorphous
network of the phenylpropane subunits guaiacyl, syringyl and p-hydroxyphenyl
(see Figure 2.4). The proportions of these subunits vary in the lignin of different
plant species. In softwood, mainly guaiacyl units can be found, while hardwood
lignin contains both guaiacyl and syringyl units, and all three units contribute to
the final macromolecular structure in agricultural residues [22].

The dominating linkages within the lignin network are strong covalent bonds
between carbon atoms and weak ether bonds. Furthermore, lignin forms ester
and ether linkages with hemicelluloses and, to some extent, with cellulose. These
linkages with the other biomass polymers can be cleaved by several methods (see
extraction methods in Chapter 3). However, the use of these methods also leads
to changes in the lignin structure, which means that it is almost impossible to
isolate lignin in its native form. The structure illustrated in Figure 2.4 should
therefore be regarded as one possible form of native lignin.
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Figure 2.4: Molecular structure of softwood lignin. (Adopted from Ek et al. [30])

Investigations of the properties of various kinds of lignin have shown that
lignin is a hydrophobic macromolecule, barely soluble in most solvents. The
molecular mass of lignin isolated from softwood has been reported to be approx-
imately 10 to 20 kDa [22, 31], and is thus lower than that of hemicelluloses and
cellulose.

2.1.4 Residual components

Cellulose, hemicelluloses and lignin account for more than 90% of the dry matter
in lignocellulose. The remaining 10% is made up of a large number of compo-
nents such as extractives, pectins, proteins and inorganic substances. Extractives
can especially be found in wood, where they make up about 1-2% of the total dry
solids and about 20-40% of dry bark [22]. Extractives comprise a large group of
low molecular mass substances, e.g. fatty acids, resin acids, triglycerides, sterols,
stilbenes and tannins. Pectin compounds are polysaccharides that consist of D-
galacturonic acid, D-galactose, L-arabinose and L-rhamnose residues, while pro-
teins are polymeric substances that have amino acids as their monomeric units.
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Chapter 3

Dissolution of biomass components
in process streams

In the cell walls of plants cellulose, hemicelluloses and lignin are closely con-
nected via covalent and non-covalent linkages. Ester and ether bonds cross-link,
for example, lignin with hemicelluloses and cellulose [22]. Furthermore, hydro-
gen bonds are present between the hemicellulose and cellulose molecules [22].
The various linkages between the biomass components are generally rather sta-
ble, but they can be cleaved when biomass is treated with strong alkaline or
acidic solutions and/or exposed to elevated temperatures and pressures. The
rigid cell wall structure is disrupted as a consequence of such treatment, thereby
solubilising biopolymers such as hemicelluloses and lignin. In the present chap-
ter processes and methods that lead to the release and dissolution of biomass
components in process streams are discussed. The composition and characteris-
tics of the process streams used in the experimental studies of this work are also
presented.

3.1 The pulping processes

The forestry industry is one of the largest consumers of lignocellulosic biomass
as a feedstock for industrial products such as paper, cardboard and textiles. A
large number of processes are involved, leading to different types of pulp and
side streams containing various amounts of dissolved biomass components. The
pulping processes can roughly be divided into chemical and mechanical meth-
ods. The most prevalent chemical methods are the sulphate process and the
sulphite process. Mechanical methods can be classified into groundwood and
refiner mechanical pulping.

11



3.1. The pulping processes

3.1.1 Chemical pulping of wood

About 80% of the pulp produced from wood worldwide is chemical pulp, of
which more than 90% is derived from the sulphate process. In this method
the wood is first chipped and then cooked for several hours in a chemical so-
lution containing sodium hydroxide (NaOH) and sodium sulphide. The temper-
ature during cooking is about 160-180°C and the pressure about 7-11 bar. The
high alkalinity and the elevated temperature and pressure result in consider-
able cleavage of the covalent bonds between cellulose fibres and the remaining
biopolymers. The insoluble cellulose fibres are further processed after cooking
to produce the chemical pulp. The residual biomass components, such as the
hemicelluloses and lignin are, to a large extent, dissolved and removed in a side
stream, called the black liquor.

The size distribution of the biomass components dissolved in the black liquor
can be broad. On the one hand, large polymeric hemicellulose and lignin mole-
cules can be found in this process stream as linkages in these macromolecules
are quite stable under alkaline conditions. On the other hand, the high temper-
ature and pH during sulphate pulping give rise to cleavage of the acetyl groups
in hemicelluloses, and lead to some degradation of the carbohydrates. As a con-
sequence of these reactions acetic acid, formic acid and hydroxylated carboxylic
acids are formed, which together comprise about half of the organic substances
in the black liquor [32]. Researchers have become increasingly interested in iso-
lating the carboxylic acids from black liquor for non-fuel applications [32-34].
Furthermore, a method has been developed for the recovery of lignin (the Ligno-
Boost process), which can be used as a solid fuel [35]. These recovery processes
are not yet widely used in industry. However, a demonstration plant for the Lig-
noBoost process has been in operation in Bickhammar, Sweden, since 2007, with
a production capacity of about 4000 tons of lignin per year [35]. Furthermore,
Metso Corporation recently opened their first commercial LignoBoost plant in
Plymouth, North Carolina [36].

3.1.2 Mechanical pulping of wood

Mechanical pulping processes are characterised by an extremely high yield, typi-
cally between 91 and 98% [37]. In contrast to chemical pulp, which is primarily
composed of cellulose, pulp produced with mechanical methods consists of all
the biomass components, including hemicelluloses and lignin. The presence of
lignin reduces the brightness stability of the paper, which means that mechanical
pulps are used primarily for the production of temporary paper such as newsprint
and paperboard, and that used in catalogues and magazines [37]. In the ground-
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wood process entire wood logs are ground by pressing them against the surface
of a rotating grindstone. In the refiner mechanical process, wood chips are de-
fibrated to produce mechanical pulp, usually in two consecutive refining stages.
Prior to refining, the wood chips are often pretreated in order to soften the wood,
thereby decreasing the energy required for processing. Thermal pretreatment
with steam is, for example, used in thermomechanical pulp (TMP) mills, and
a combination of thermal and chemical pretreatment, commonly with sodium
sulphite, is applied in chemithermomechanical pulp (CTMP) mills. Figure 3.1 il-
lustrates the various stages of a typical refiner mechanical pulping process using
predominantly softwood, for example, spruce, as raw material.

Reject Heavy Process Mechanical
Wood chips refining particles water pulp
/
Steam -- *l* --Chemicals T T T
st nd .
1 and_ 2 —»| Screens [— Centrifugal | Thickener —| Bleaching
disc refiners cleaner

Figure 3.1: The process of refiner mechanical pulping. (Adapted from Sixta [38])

Dissolution during mechanical pulping

In mechanical pulp production the biomass is treated under milder conditions
than in chemical pulping (lower pH, shorter treatment time), and thus the co-
valent linkages between the biomass components are cleaved to a lesser extent.
As a consequence, non-cellulose biopolymers mostly remain attached to the cel-
lulose fibres and contribute to the final mechanical pulp fraction. Some degree
of dissolution of biomass components in the process water occurs during me-
chanical pulp production due to the elevated temperature and pressure during
pretreatment and refining (115-155°C, 3-5 bar [37]), and the use of alkaline
chemicals (e.g. sodium sulphite) in the CTMP process.

The dissolution of various wood components during mechanical pulping has
been thoroughly investigated in a number of studies. About 10% of the hemi-
cellulose galactoglucomannan and some of the arabinogalactan were found to
be dissolved in the process water during thermomechanical pulping of Norway
spruce (Picea abies) [39]. The amount of dissolved non-cellulose polysaccharides
in softwood species other than spruce, as well as in hardwood species, has been
found to vary between 1.5 and 7% [24, 25]. In softwood, mainly galactoglu-
comannan and pectins are dissolved [24], and in hardwood, glucuronoxylan
and arabinogalactans are predominantly released into the process water [25].
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The dissolution of various biomass components during thermomechanical and
chemithermomechanical pulping has also been compared. The CTMP process
results in a higher release of pectin, extractives and lignin, but a lower release of
galactoglucomannan than the process of thermomechanical pulping [40]. Fur-
thermore, the CTMP process leads to the release of substantial amounts of acetic
acid and methanol as a consequence of the partial deacetylation and demethy-
lation of galactoglucomannan and pectin [40, 41]. These findings are also in
good agreement with those of Pranovich et al., who showed that the rate and
the amount of spruce wood biopolymers that are dissolved in the water fraction
increases with increasing alkalinity during extraction [42].

Quality of dissolved biomass components

While biomass components dissolved in process streams of chemical pulping are
partly present in the form of degraded molecules, their native structure is mainly
preserved after dissolution in the process water of mechanical pulp mills. The
molecular mass of hemicelluloses extracted during thermomechanical pulping
has been reported to be about 10 kDa [43], and the molecular mass of lignin
about 1 kDa [43, 44]. It has also been found that hemicelluloses in TMP pro-
cess water still carry their native acetyl groups [39], and that hemicelluloses in
CTMP process water are at least partly acetylated [40-42]. The structural simi-
larities between the hemicelluloses in the process water of mechanical pulp mills
and native polysaccharides can be an advantage regarding their applicability for
various high-value products, making their recovery interesting, in particular for
operators of such pulp mills. Furthermore, energy can be generated in a chem-
ical pulp mill from biomass components in the black liquor by burning them in
the recovery boiler, while this is not possible in mechanical pulp mills. Instead,
these substances are discharged with the wastewater, leading to higher demands
on wastewater treatment and thus higher costs. For these reasons, experimental
studies were carried out on process water from a TMP (Papers I and II) and a
CTMP mill (Paper III).

3.2 Extraction from agricultural residues

In mechanical pulping, biomass components with relatively high molecular mass
occur as a by-product dissolved in the process streams, from which they can be
recovered. High molecular mass biomass components can also be prepared by
extraction from plant material. This latter approach has the advantage that the
properties of the extracted molecules can be controlled by tailoring the extrac-
tion procedure. Hemicelluloses have been extracted from the residues of a large
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number of annual crops including wheat [20, 45-47], barley [48-50], rice [51]
and rye [52]. The extraction of hemicelluloses from various wood species has
also been studied [10, 28, 48, 53]. However, the lower content and the different
structure of lignin make extraction from agricultural residues less difficult [26].
Methods commonly applied for the extraction of hemicelluloses from agricultural
residues are discussed below.

3.2.1 Alkali extraction

During alkali extraction hemicelluloses are liberated from the biomass structure
using alkaline chemicals such as NaOH, calcium hydroxide (Ca(OH),), barium
hydroxide (Ba(OH),) and potassium hydroxide (KOH). Alkaline treatment leads
to cleavage of the ether and ester linkages between the various biomass compo-
nents and dissolution of both water-soluble and water-insoluble hemicelluloses
in the solvent. The molecular mass of the hemicelluloses in the extract can be
rather high, which is regarded as a positive feature when using them in bio-based
products. However, alkaline conditions can also lead to partial or even complete
degradation of the polysaccharides (see Section 3.1.1). It is, for example, known
that at a temperature of about 100°C a peeling reaction takes place, leading to the
stepwise degradation of polysaccharides by removal of the reducing end group
[2]. Furthermore, glycosidic linkages in the hemicellulose chain are cleaved at
high pH when the temperature exceeds 150°C [2]. The removal of acetyl groups
from hemicellulose molecules occurs at relatively mild alkaline conditions and
temperatures (about pH 9 and 60°C) [42].

Several investigations have shown that high yields can be achieved during al-
kali extraction of high molecular mass hemicelluloses from agricultural residues.
Typically, extraction temperatures below 100°C have been used in order to pre-
serve the glycosidic bonds and avoid peeling reactions. Ca(OH), and Ba(OH),
have been used to extract the hemicellulose glucuronoarabinoxylan from wheat
bran [45]. At a high temperature of 95°C, about 50% of the arabinoxylans were
extracted and were found to have a molecular mass as high as 400 kDa [45].
A yield of 57% was achieved during the extraction of arabinoxylan from barley
husks at room temperature using NaOH and sodium chlorite for delignification
[49]. The molecular mass of hemicelluloses in the extract was still about 35-45
kDa [49]. More than 90% of the original hemicelluloses can be extracted by
the treatment of wheat straw with KOH and hydrogen peroxide at 50°C [46].
Considerable degradation of the polysaccharides has only been observed with
long treatment times (16 h) and when using a high concentration of hydrogen
peroxide (5%) [46].
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Another feature of alkali extraction is the relatively high selectivity for the
extraction of hemicelluloses from the biomass. A comparison of various extrac-
tion methods applied to wheat bran showed that the hemicellulose content in
the dry matter of the extracts was markedly higher after alkali extraction than
after alternative treatment such as steam explosion [47]. Thus, less undesired
biomass components were co-extracted, which could facilitate the isolation and
purification of hemicelluloses in the extract. However, the large amount of chem-
icals required is a disadvantage of this technique. One possible way to reduce
this could be to recover the chemicals using nanofiltration. Alkaline extract from
wheat bran was used as a hemicellulose source in some of the experimental stud-
ies included in this work (Papers IV and V), and the recovery of extraction chem-
icals was investigated in Paper VI.

3.2.2 Alternative extraction methods

Apart from alkali extraction, agricultural residues and wood have also been
treated with microwaves [50], hot water [53], pressurised steam [47, 48, 54]
and organic solvents [48] in order to extract hemicelluloses with high molecular
mass. Extraction by microwave treatment is rather expensive, and thus probably
not suitable for large-scale operation. Hot water treatment has the disadvantage
that only water-soluble hemicelluloses will be released, leading to a relatively
low yield. During steam explosion the biomass is exposed to pressurised steam
at an elevated temperature (160-240°C) for a period of several seconds to a few
minutes, followed by a sudden pressure release that disrupts the biomass struc-
ture and dissolves the hemicelluloses. Although high yields can be achieved with
steam explosion [54], the method has been found to lead to more pronounced
hemicellulose degradation, and thus lower molecular mass than alkaline extrac-
tion [47, 48]. The use of organic solvents, such as dimethyl sulphoxide, suffers
from the disadvantage that the solvents are often expensive, hazardous to health
and/or harmful to the environment. For further information on these alternative
extraction methods the reader is referred to a recent review by Peng et al. [55].

3.3 Process streams used in this work

The experimental studies in this work were carried out with three different kinds
of industrial process streams, all containing considerable amounts of dissolved
biomass components. The first two streams were the process waters from a TMP
mill and a CTMP mill. Both pulp mills used exclusively spruce wood as raw
material for pulp production, and the biomass components dissolved in these
streams thus originated from this type of softwood. The third process stream was
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the extract from an alkali extraction process using wheat bran as raw material
and NaOH as extraction chemical. In the extraction process, the wheat bran was
first washed and the starch was removed enzymatically prior to hemicellulose
extraction.

The compositions of the three process streams are given in Table 3.1. The two
pulp mill process waters had similar compositions and properties, but differed
considerably from the alkaline extract. The two streams derived from spruce
were rather diluted, with low total solids contents, while the alkaline extract
contained substantial amounts of solid material. Due to the low concentration
in the pulp mill process waters the density and viscosity of these streams were
low and similar to those of water. The pH of the CTMP process water was al-
most neutral (pH 6.0) while the pH of the TMP process water was slightly acidic
(pH 4.3). The dissolved hemicelluloses consisted mainly of mannose, glucose
and galactose, indicating that galactoglucomannan is the major hemicellulose
present in pulp mill process waters. It can be seen from Table 3.1 that the con-
centration of hemicelluloses was higher and the concentration of lignin lower
in the TMP process water than in the CTMP process water. It is probable that
the partial deacetylation of hemicelluloses and the sulphonation of lignin dur-
ing chemithermomechanical pulping are responsible for the different amounts
released into the process water. It is well known that both deacetylation and
sulphonation affect the solubility of hemicelluloses and lignin [40]. Relatively
high amounts of suspended solids were found in both pulp mill process streams.
These substances consisted of, for example, fibre residues and wood extractives.
The latter are known to form colloids that can be partly stabilised by galactoglu-
comannan [56].

In the alkaline extract from wheat bran, NaOH accounted for most of the
total solids content, leading to a high pH (~13.5). The concentration of hemi-
celluloses was considerably higher than in the other two process streams, and the
hemicelluloses were found to be mainly arabinoxylan composed of arabinose and
xylose units. As a consequence of the high concentration of hemicelluloses and
other high molecular mass compounds, the viscosity of the alkaline extract was
about 5 mPa s, measured at a temperature of 80°C and a shear rate of 100 s ..
Thus, the viscosity of the wheat bran extract was about 14 times higher than the

viscosity of water.
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Table 3.1: Process streams used in this work.

TMP CTMP Alkaline extract
process water  process water  from wheat bran
Total Solids (g/1) 5.60+0.05 8.73+0.47 50.76+1.89
Susp. Solids (g/1) 1.16£0.50 3.25¢ —
Hemicelluloses (g/1) 1.30+0.07 1.17+0.24 7.93+0.32
Arabinose (g/1) 0.06+0.01 0.06£0.02 1.98+0.31
Galactose (g/1) 0.19+0.01 0.14+0.02 0.11+0.04
Glucose (g/1) 0.26+0.03 0.35+0.08 1.124+0.33
Xylose (g/1) 0.04+0.01 0.05+0.05 4.72+0.66
Mannose (g/1) 0.75+0.04 0.57+0.10 n.d.
Lignin (g/1) 0.84+0.05 1.13+£0.17 —
Extractives (mg/1) 50.65+0.41 — —
Ash (g/D) 1.96+0.20 1.56+0.20 31.02+1.45
NaOH (g/1) — — 40.01+1.87°

¢ Based on a single measurement

b Based on the assumption that all ash consists of Na,O
— Not analysed

n.d. Not detectable
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Chapter 4

Unit operations for the separation of
biomass components

In the previous chapter, industrial processes that result in process streams con-
taining considerable amount of dissolved biomass components were discussed.
In principle, these components can be used in a large variety of high-value appli-
cations, including hemicelluloses for barrier films in food packaging. However,
process streams such as the process water from mechanical pulp mills and the al-
kaline extract from wheat bran have a complex composition, and apart the target
biopolymers (in the present case hemicelluloses) also contain other substances
such as extraction chemicals and co-extracted substances. As a consequence, pro-
cesses are required with which the valuable hemicellulose molecules and residual
substances in the mixture can be efficiently separated. In this chapter, various
unit operations that could be suitable for this purpose are presented. The major
focus is on the pressure-driven membrane filtration processes because of their
extensive use in the present work.

4.1 Pressure-driven membrane filtration

Membrane filtration is a separation process that employs a semi-permeable mem-
brane to separate two or more components from each other. In most cases this
process uses a pressure difference between the two sides of the membrane as the
driving force, and it is carried out in cross-flow mode, i.e. the feed stream flows
tangentially over the membrane surface. Cross-flow operation has the advantage
that it reduces the formation of a filter cake on the membrane surface, thereby
allowing almost continuous operation. The feed stream is divided into a reten-
tate and a permeate stream: the former containing all the substances that are
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retained by the membrane due to their large size or repulsive charge, and the lat-
ter composed of substances that are small enough to pass through the membrane
pores.

Particles, macromolecules and ions can be separated using membrane filtra-
tion, making it suitable in a wide range of applications. Generally, microfil-
tration is used for the removal of particles and microorganisms, ultrafiltration
is employed to remove macromolecules such as proteins and polysaccharides,
nanofiltration can be used to remove monosaccharides, and reverse osmosis re-
tains almost all kinds of molecules and ions apart from water. These pressure-
driven membrane processes are gaining increasing popularity in industry because
of their high selectivity, relatively low energy requirement and the possibility of
using them in a wide temperature range without the need for the addition of
chemicals.

4.1.1 Fundamental equations

The performance of a membrane filtration process is usually assessed in terms of
the magnitude of the flux and the separation performance of the membrane. The
flux is defined as the flow of permeate per unit area. It represents the capacity
of the membrane process and determines the required size of the membrane
plant. The ability of the process to separate components from each other can be
assessed by comparing the retention of the individual components. In membrane
processes the observed retention, R, is distinguished from the true retention,
R, [57]:

CP

Robs - 1—C—b (41)
CP

Rtr =1—- C_m (42)

where C,,, C; and C,, denote the concentration of the component in the permeate,
the bulk solution and at the membrane surface, respectively. When a substance
is retained to a certain extent by the membrane, a concentration gradient arises
from the bulk solution to the membrane surface. This phenomenon, called con-
centration polarisation, is responsible for the fact that the observed retention is
always lower than the true retention. In the present work, the observed retention
was used, and is denoted R.

20



Chapter 4. Unit operations for the separation of biomass components

The flux through the membrane is mainly dependent on the properties of the
feed solution and the operating conditions used during filtration. If the solution
is pure water, the flux, J, can be expressed [57]:

s=2F “3)
Mp ‘R, .

where AP is the transmembrane pressure, 7, is the dynamic viscosity of the per-
meate, and R,, is the membrane resistance. During the filtration of “real solu-
tions” an osmotic pressure difference, A7, can occur as a result of the difference
in concentration at the membrane surface and in the permeate. This difference
reduces the driving force for filtration and is particularly pronounced in mem-
brane processes where the retained substances are small molecules or ions (for
example, in reverse osmosis and nanofiltration). The flux can then be expressed
by [57]:

AP — AT
J=—"

R 4.4)

The formation of a cake or gel layer on the membrane surface is a common
problem during microfiltration and ultrafiltration since substances in the feed
stream of these processes are relatively large, which reduces back diffusion from
the membrane surface. The presence of such a layer increases the resistance
during filtration, and thus has a detrimental effect on the flux. In Eq. 4.5 this flux
reduction is considered by an additional cake resistance, R, which is a function
of the cake layer thickness and porosity [57]:

AP
J=——7—— (4.5)
Mp (Rm +RC)

The goal of many membrane filtration processes is to concentrate and/or
purify a certain component in a feed stream. This goal can be achieved by select-
ing a membrane that retains the substance of interest, but is permeable to the
impurities. The target component can be concentrated by continuously bleed-
ing off the permeate from the membrane process and recirculating the retentate
stream. In batch mode, assuming the retention to be constant, the concentration
of the desired product in the retentate stream can be determined from the initial
concentration in the feed, C,, the observed retention of the substance, and the
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4.1. Pressure-driven membrane filtration

volume reduction, VR [57]:

1 R

where the volume reduction is defined as the ratio of the permeate volume, V,,
to the initial feed volume, V,, [57]:

V

VR = VP 4.7)
0

The film model can be used to derive the relation between the flux and the
concentration of the solute by creating a mass balance over the boundary layer
at the membrane surface [57]:

C,—C
J=k-In[ —2 (4.8)
C,—C,

According to this model, a plot of the flux against the logarithm of the concen-
tration of the solute in the feed gives a straight line, which intersects the x-axis
at the maximal concentration achievable with the membrane process. The mass
transfer coefficient, k, is assumed to be constant and can be determined from the
slope of this straight line.

Running filtration to a high volume reduction allows a high concentration
of the desired substance to be achieved in the final retentate stream, as can be
seen from Eq. 4.6. However, a high concentration is obtained at the expense of
the yield when the product is not completely retained by the membrane. With
increasing volume reduction the yield, Y, (or recovery) decreases in a membrane
concentration process according to [57]:

Y = w =(1- VR)(l—R) (4.9)
Co

It should be pointed out that Eq. 4.9 is valid in this form only for products

recovered in the retentate. When the product is recovered in the permeate, a low

retention is desired, and the highest yield is also achieved by running filtration

to a high volume reduction.
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Chapter 4. Unit operations for the separation of biomass components

4.1.2 Flux-enhancing methods

Low flux is one of the major problems experienced during pressure-driven mem-
brane filtration. One way of increasing the flux is to increase the transmembrane
pressure, i.e. the force driving filtration. However, this increases the transport of
retained substances to the membrane surface, which can lead to the formation
of a cake or gel layer. When such a layer is formed, the flux will level off and
reach a limiting value, completely independent of pressure. During micro- and
ultrafiltration of complex process streams the levelling-off of the flux can occur
at low transmembrane pressure, and the limiting flux can be too low for eco-
nomically feasible operation. Furthermore, the separation performance during
filtration can be impaired by the cake/gel layer. In such cases, flux-enhancing
techniques that counteract the formation of a layer of deposited material can be
beneficial.

Most flux-enhancing methods are based on increasing the turbulence at the
membrane surface, for example, increasing the cross-flow velocity, the use of he-
lical baffles, rotational or vibrating membrane modules [58], and the application
of backflushing or backpulsing. Backpulsing was used during the microfiltration
of TMP process water, described in Paper II. During backpulsing, the permeate
flow through the membrane is reversed, usually for less than a second, at regular
intervals. The reversed permeate flow removes material deposited on the mem-
brane surface, which can then be carried away by the cross-flow. Backpulsing has
been shown to be beneficial in various applications, for example, the microfiltra-
tion of milk [59], beer [60], oil-water suspensions [61, 62], yeast suspensions
[62, 63], and protein-containing mixtures [64]. However, the technique can
only be used with membranes and modules that can withstand such pressure
fluctuations, i.e. mainly ceramic membranes.

4.1.3 Separation of biomass components
with membranes

The membrane filtration processes used in the experimental studies in this work
were microfiltration, ultrafiltration and nanofiltration. These processes were ap-
plied to recover valuable biomass components, in particular hemicelluloses, from
the process streams described in Section 3.3. Microfiltration was primarily used
to remove suspended matter and colloids, ultrafiltration was applied for hemi-
cellulose recovery, and nanofiltration was used to obtain a concentrated lignin
fraction and a permeate pure enough for reuse (e.g. pure water or a solution
of the extraction chemical). Other researchers have applied membrane filtra-
tion processes for similar purposes on a large number of biomass-containing
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4.1. Pressure-driven membrane filtration

process streams, including black liquor [65-67], mechanical pulp mill process
water [43, 68-70], wood hydrolysate [71-74] and solutions obtained after ex-
traction from agricultural residues [17, 75, 76]. In most cases the primary goal
was to recover either hemicelluloses or lignin from the process streams.

Recovery of hemicelluloses

Interest in utilising hemicelluloses for high-value products has evolved quite re-
cently. As a consequence, much research has been undertaken on methods of
recovering these substances from various process streams and waste materials.
In this context, membrane filtration processes are often used to separate hemi-
celluloses from other biomass components and impurities.

One of the first investigations on the recovery of hemicelluloses in the process
water from the pulp and paper industry was carried out by Willfor et al. [70, 77].
In their study a method was developed with which hemicelluloses were first sep-
arated from lipophilic extractives and dissolved aromatic compounds (lignans
and lignin) using flocculation and adsorption. Ultrafiltration was then applied
to further purify and concentrate the hemicelluloses. It was reported that hemi-
celluloses with high purity could be produced at a yield of about 5 kg per ton of
pulp with this method. Persson et al. used similar pulp mill process streams as
a source of hemicellulose, but investigated the performance of membrane filtra-
tion in more detail [43, 78]. The economic feasibility of a large-scale recovery
process has also been evaluated [69]. The method used consisted of microfiltra-
tion to remove undissolved compounds, followed by ultrafiltration to separate
the hemicelluloses from lignin. Diafiltration was suggested to further increase
the purity of the final hemicellulose fraction [68, 69]. During the ultrafiltration
of pulp mill process water it was found that hydrophilic membranes were more
suitable than hydrophobic membranes, as they became less fouled by organic
substances [78]. Furthermore, a membrane cut-off of 5 to 10 kDa was reported
to be optimal with respect to flux and the separation of hemicelluloses from lignin
[43]. A high retention of hemicelluloses (above 90%), a relatively low retention
of lignin (30-50%), and a high flux (up to 190 1/m2h) were achieved with the
hydrophilised polysulphone membrane UFX5pHt from Alfa Laval Nakskov A/S
(cut-off 5 kDa), which was also the membrane of choice in the ultrafiltration
experiments described in Papers I and III.

Considerable effort has also been devoted to concentrating and purifying
hemicelluloses after hot water extraction of wood. Al Manasrah et al. [73]
studied the performance of various regenerated cellulose membranes (cut-off
5, 10 and 30 kDa) during the recovery of galactoglucomannan from spruce hy-
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drolysate. With the most open membrane, an unacceptably low retention of
hemicelluloses was obtained, while good separation between hemicelluloses and
lignin was observed with the most dense membrane. They concluded that a
membrane cut-off of around 5 kDa was best for hemicellulose recovery, in line
with the results presented by Persson et al. [43]. The purification of concen-
trated hemicelluloses by diafiltration was subsequently investigated [73], but
no increase in hemicellulose purity was observed due to the similar retention of
hemicelluloses and lignin. This finding is in contrast to an earlier study, where
hemicellulose purity was increased from 57 to 77% by diafiltration with a 1 kDa
membrane [68]. Other researchers have reported higher hemicellulose purities
using other techniques such as ethanol precipitation and size-exclusion chro-
matography [68, 70, 74].

Apart from the investigation by Al Manasrah et al. [73], other research on
wood hydrolysate has been carried out to fractionate hemicelluloses in well de-
fined size fractions using membrane filtration. Gonzélez-Munéz et al. [71] and
Song et al. [74] employed a series of consecutive ultrafiltration steps using de-
creasing membrane pore size from the first to the last step of the process. The
results of these investigations showed that hemicelluloses differing in molecular
mass could be separated into various fractions using such an ultrafiltration cas-
cade. Furthermore, lignin and monosaccharides were mainly found in the low
molecular mass fraction, showing that purified hemicelluloses with high molec-
ular mass can be obtained with this procedure.

Solutions obtained after extraction from agricultural residues represent the
third group of process streams from which hemicelluloses have been recovered
by membrane technology. In this kind of process stream hemicelluloses must not
only be separated from other biomass components, but often also from the chem-
icals used for extraction. As the pH of the extracts can be rather high, the use of
ceramic membranes is not uncommon. Ultrafiltration has been used to recover
hemicelluloses extracted from barley husks [48, 75], wheat bran [17, 19, 20, 79],
rice husks [76, 80] and corn stalks [81]. A detailed investigation of membrane
filtration of an extraction solution, in which the performance of several ultra- and
nanofiltration membranes was evaluated, was carried out by Vegas et al. [76].
The results clearly showed that, by using an appropriate membrane, monosac-
charides and non-saccharides could be efficiently removed from oligomeric hemi-
celluloses intended for use in health food applications. In two other investiga-
tions it was shown that polymeric arabinoxylans could be recovered from wheat
bran using ultrafiltration on a pilot scale [20, 79]. Papers IV and V present de-
tailed investigations of the performance of ultrafiltration of an alkaline extract
from wheat bran.
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4.1. Pressure-driven membrane filtration

One of the major challenges identified during membrane filtration of pro-
cess streams containing hemicelluloses is the reduction in membrane capacity
as a result of fouling. In a recent investigation, Puro et al. [82, 83] showed
that especially lipophilic wood extractives present in such process streams can
cause severe fouling of ultrafiltration membranes. A promising way to improve
membrane performance could, therefore, be to remove or degrade foulants prior
to membrane filtration. Koivula et al. [72] and Hasan et al. [84] studied
various methods of pretreatment (e.g. activated carbon adsorption, pH adjust-
ment, oxidation by pulsed corona discharge, microfiltration) on different wood
hydrolysates, and also investigated the influence on subsequent membrane fil-
tration. Persson et al. [78] carried out a similar investigation on pulp and paper
wastewater. The results of these investigations revealed that fouling could be
reduced, and the membrane flux substantially increased by appropriate pretreat-
ment of the process streams. However, it was also pointed out that the method of
pretreatment must be chosen carefully, as in some cases poorer membrane per-
formance was observed [72]. Various methods of pretreatment were also studied
in this work; the effect of pre-filtration on subsequent hemicellulose recovery by
ultrafiltration is presented in Paper V.

Recovery of lignin

One of the most suitable process streams for lignin recovery is the black liquor
from the sulphate pulping process (see Section 3.1.1). Lignin is one of the major
components in this kind of process stream (concentration above 50 g/1), but its
recovery requires separation from the cooking chemicals used in the pulp mill.
One method that can be used for this purpose is the precipitation of lignin at
reduced pH, which is the concept on which the LignoBoost process is based. After
precipitation (e.g. with carbon dioxide), solid lignin can be filtered in a filter
press and the filter cake redispersed for further purification of the lignin fraction
[35]. An alternative to this is membrane filtration. Lignin can be concentrated in
the retentate using ultrafiltration, while the cooking chemicals pass through the
membrane pores. Wallberg showed that a lignin concentration of 155-240 g/1
and a purity of 58-78% could be achieved using tubular ceramic membranes with
a cut-off ranging from 5 to 15 kDa [67]. The additional use of diafiltration or
precipitation may be of interest if an even higher purity or a solid lignin fraction
is required.
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The hemicelluloses dissolved in black liquor can cause some problems during
the recovery of lignin. When precipitation is used, hemicellulose molecules can
co-precipitate [66], reducing the purity of the lignin fraction, and increasing the
specific filtration resistance during subsequent filtration in a filter press [85].
These problems can be reduced by separating lignin and hemicelluloses prior
to precipitation. Jonsson et al. [65] showed that most hemicelluloses could
be retained by a 15 kDa ultrafiltration membrane under appropriate conditions,
while most of the lignin was recovered in the permeate. The lignin in the per-
meate can subsequently be concentrated by nanofiltration before the LignoBoost
process is applied for recovery. A recent study by Wallmo et al. [85] revealed
that the removal of hemicelluloses in this way had positive effects on the filter-
ability in the filter press used after lignin precipitation. These investigations and
other state-of-the-art research on lignin recovery with membranes were recently
summarised in a review by He et al. [86].

All the studies on hemicellulose and lignin recovery described above illustrate
the potential of membrane filtration for the separation of biomass components in
complex mixtures. However, it was also shown that membrane processes must be
tailored to the specific process solution in order to reduce fouling, and in some
cases additional unit operations were required to achieve the best membrane
performance.

4.2 Conventional dead-end filtration

Conventional dead-end filtration in filter presses, rotary-drum filters, belt filters
and disc filters is an alternative mode to cross-flow filtration, and is frequently
used in industry to remove large particles (typical size 1 um up to several mm)
from a process stream. Common applications are, for example, the clarification
of beverages (beer, juice), the treatment of water and wastewater, and the dewa-
tering of pulp after chemical or mechanical pulping of wood. In this technique
the feed stream is directed vertically onto the filter medium instead of tangen-
tially, as is the case during cross-flow filtration. Large components in the feed
solution are retained, and form a filter cake on top of the filter medium. This
filter cake increases rapidly in thickness with the amount of feed solution that
is processed. As a consequence, the filter cake resistance exceeds the resistance
of the filter medium, R,,, during dead-end filtration after only a short time, and
thus governs the filtration performance, i.e. the filtration capacity and filtrate

purity.
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A common way of evaluating a constant-pressure filtration process, carried
out in dead-end mode, is to plot the ratio of filtration time and filtrate volume,
t/V, against the filtrate volume, V, according to [87]:

t aK”n R.m
— = V4 4.10
vV  2A2AP AAP ( )

where «a is the specific filter cake resistance, k is a concentration parameter, 1)
the dynamic viscosity of the filtrate, A the filtration area and AP the pressure
difference between the two sides of the filter medium. Such a plot often gives a
straight line, and a and R,,, can be determined from the slope and the intercept,
respectively. When a solution is difficult to filter (i.e. a>10'? m/kg), it is com-
mon to pre-coat the filter medium with a filter aid such as kieselguhr, or to mix
the filter aid into the solution prior to filtration. This leads to the formation of a
less compact filter cake, which often improves the filtration performance.

Dead-end filtration is generally not suitable for the separation of biomass
components as the technique is too coarse to separate dissolved macromolecules.
However, the process can be used cost-efficiently, for example, for lignin recov-
ery in the LignoBoost process, where lignin is first precipitated [85]. Further-
more, it can provide an effective means of protecting membranes from feed chan-
nel blocking or improving the performance in a subsequent membrane filtration
stage. No detailed studies were carried out on dead-end filtration in the present
work, but the technique was used for improvement of membrane filtration, with
either a filter press (Paper V) or a rotary-drum filter (Papers I and II), depending
on the process solution investigated.

4.3 Non-filtration methods

The separation of biomass components using the filtration processes discussed
above is mainly achieved as a consequence of size differences. Other molecular
properties that can also be exploited are the solubility of biomass components in
certain solvents, as well as their surface charge. Methods such as precipitation,
extraction and adsorptive chromatography (e.g. ion-exchange chromatography)
provide separation based on differences in these properties. Generally, such non-
filtration methods are more costly than filtration as a result of either the large
amount of chemicals required or the relatively low capacity. However, in order
to achieve a high purity and thus a high value of the final product non-filtration
methods may be of interest, for example, in combination with filtration.
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There are several examples of the use of non-filtration methods to separate
biomass components from each other in order to produce a purified hemicel-
lulose fraction. For example, colloidal wood extractives can be flocculated and
subsequently easily removed from dissolved hemicelluloses by the addition of a
starch-based cationic polymer to pulp mill process water [70]. Adsorptive chro-
matography with a hydrophobic ion-exchange resin has been applied in vari-
ous studies for the removal of aromatic compounds, in particular lignans and
lignin, from hemicellulose-containing solutions [17, 44, 70, 80, 88], and the
precipitation of hemicelluloses in organic solvents such as ethanol, methanol and
acetone has been shown to be suitable for the final purification of the product
molecules. Good results regarding the purity and yield of hemicelluloses have
been achieved with precipitation, which explains the extensive use of ethanol
precipitation [17, 47, 48, 70, 74, 80, 81, 89]. By varying the amount of solvent
applied, precipitation can be used to fractionate hemicelluloses into various size
fractions as an alternative to membrane-based fractionation processes [74, 89].
A comprehensive review has recently been published in which the most common
non-filtration methods applied for purification and fractionation of hemicellu-
loses are presented and discussed [55].
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Chapter 5

Separation of components in pulp
mill process water

In the present work, the separation of hemicelluloses from residual components
in pulp mill process water was studied with two different process configurations,
as schematically illustrated in Figure 5.1. Larger particles, suspended matter and
colloids were removed from the process water by pre-filtration and microfiltra-
tion, and hemicelluloses and lignin were then separated in a third stage by ul-
trafiltration, in both configurations. In Configuration I, a concentrated, purified
hemicellulose fraction was recovered in the ultrafiltration retentate, and the ul-
trafiltration permeate was further treated by nanofiltration in order to produce
a pure water stream. In Configuration II, the hemicelluloses in the ultrafiltra-
tion retentate were enzymatically cross-linked, thereby increasing their molecu-
lar mass. The hemicelluloses were subsequently fractionated into two product
streams in a second ultrafiltration stage. Hemicelluloses with high molecular
mass were accumulated in the retentate, while those with low molecular mass
were withdrawn with the permeate.

The initial work was carried out using process water from a TMP mill ([43,
69], Papers I and II). Configuration I was followed with this stream, and the
performance of each stage of the process was studied. In a continuation of these
studies, it was investigated whether a similar process configuration would also be
suitable for process water from a CTMP mill (Paper III). However, Configuration
II was used with this second process stream to study the possibility of recovering
hemicelluloses with particularly high molecular mass.
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Figure 5.1: Schematic illustration of the two process configurations used to fractionate
biomass components in pulp mill process water. Configuration I was applied to process
water from a TMP mill, while Configuration II was applied to CTMP process water. (M,,
denotes molecular mass).

This chapter focuses on the findings obtained during the development of the
two process configurations, based on the results given in Papers I, II and IIIL.
The aim of these investigations was to evaluate and improve the performance of
all stages in the processes, so that the highest possible hemicellulose yield and
purity, and the lowest possible process cost could be achieved.

5.1 Removal of suspended matter
and colloids

The concentration of suspended matter in the process water from the TMP and
CTMP mill was about 1.2 and 3.3 g/1, respectively (see Table 3.1). Furthermore,
wood extractives were dispersed in the process streams forming colloids. Be-
fore hemicelluloses are concentrated by ultrafiltration, these substances must be
removed to the highest possible degree, for two reasons. Firstly, dispersed sub-
stances would lead to a reduction in hemicellulose purity in the ultrafiltration
retentate, and secondly, they could impair ultrafiltration by blocking the flow
channels of the membranes. Microfiltration was the method mainly applied for
complete removal of suspended matter and colloids from TMP and CTMP process
water (Papers I-III), however, conventional dead-end filtration was also investi-
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gated as an alternative.

5.1.1 Microfiltration versus dead-end filtration

The application of conventional dead-end filtration for particle removal has the
general advantage of being less costly than microfiltration. However, as the pore
size of a dead-end filter cloth is relatively large, it cannot be guaranteed that
suspended matter and colloids will be removed to a sufficient degree. The effi-
ciency of both techniques was therefore investigated in a comparative study on
CTMP process water (unpublished data). Dead-end filtration was carried out in
a rotary-drum filter and in a filter press using the same 10 um filter cloth (the
equipment is described in Papers I and V). In the filter press, kieselguhr was used
as a filter aid (concentration 0.5 wt%). The pore size of the membrane used for
microfiltration was 0.2 um (additional information on the membrane is given in
Papers I and II).

As can be seen from Table 5.1, the turbidity of the filtrates after dead-end
filtration was still relatively high, indicating the presence of residual dispersed
substances. In the microfiltration permeate the turbidity was, however, consider-
ably reduced. Microfiltration is therefore necessary in the processes illustrated in
Figure 5.1, especially when a hemicellulose fraction with high purity is required.
Conventional dead-end filtration could, however, be used to remove the largest
particles in order to protect the microfiltration membranes.

Table 5.1: Efficiency of various methods for the removal of suspended matter and colloids
from pulp mill process water.

Turbidity — Total solids  Hemicellul. Lignin

(NTU) (g/D (/D (/D
CTMP process water 8440 9.31 1.30 0.98
After drum filtration 3915 6.82 1.25 0.95
After pressure filtration 696 5.67 1.26 0.92
After microfiltration 5 4.19 0.78 0.77

(NTU denotes nephelometric turbidity unit)

As can be seen from Table 5.1, microfiltration removed not only suspended
matter and colloids, but also reduced the amount of hemicelluloses in the process
water. This reduction in hemicellulose concentration is obviously undesirable, as
it decreases the amount of hemicelluloses that can be recovered in the purified
fraction from the ultrafiltration stages of the process. A primary goal of this
work was therefore, not only to achieve a high flux during microfiltration, but

33



5.1. Removal of suspended matter and colloids

also to investigate the possibility of reducing the hemicellulose loss, for example,
by varying the membrane pore size and operating conditions. Some of these
investigations were carried out with process water from the TMP mill, in which
high losses of hemicelluloses were also observed.

5.1.2 Influence of pore size

The performance of three tubular ceramic membranes was investigated during
microfiltration of TMP process water (Paper II). The membranes were made of
the same material (a-aluminium oxide), and were all manufactured by Atech
Innovations GmbH. The membrane pore sizes were 0.2, 0.4 and 0.8 um.

All the membranes investigated efficiently removed suspended matter and
colloids from the process water. However, a considerable difference in per-
formance was observed regarding membrane flux and the retention of macro-
molecules. The retention of hemicelluloses and lignin was lowest with the most
open membrane (0.8 um) (see Table 5.2), and increased with decreasing pore
size. Thus, from a separation point of view, the 0.8 um membrane would be most
favourable, as more hemicelluloses could be recovered in the microfiltration per-
meate than with the denser membranes. However, this membrane suffered from
low flux.

Table 5.2: Influence of pore size on macromolecule retention during microfiltration of
TMP process water (Paper II).

02um 04um 0.8 um
Retention of hemicelluloses (%) 51 35 28
Retention of lignin (%) 14 15 11

The flux of the membranes is illustrated as a function of filtration time in Fig-
ure 5.2. A considerable decrease in flux was seen with the 0.8 um membrane,
a moderate decrease with the 0.4 um membrane, and almost no decrease with
the membrane with the smallest pores (0.2 um). The flux decline seen with the
more open membranes is probably the result of suspended matter blocking the
entrance of the membrane pores. This phenomenon has been observed previ-
ously, for example, during the microfiltration of wood hydrolysate [84]. Such
blockage of the membrane pores probably does not occur in the 0.2 ym mem-
brane due to the small pore size compared with the size of the suspended matter.
Liu et al. [90] also reported increasing flux with decreasing pore size during the
microfiltration of black liquor.
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Figure 5.2: Influence of pore size on flux during the microfiltration of TMP process water
(Paper II). The cross-flow velocity was 4 m/s, the transmembrane pressure 0.5 bar, and
the temperature of the process water 80°C.

As well as showing a decline in flux during filtration, the pure water flux
could not be recovered by chemical cleaning of the 0.4 and 0.8 um membranes.
Such irreversible fouling after a short filtration time would be unacceptable in
a large-scale plant, where membranes must provide sufficient flux over several
months, or even years. For this reason, only the 0.2 yum membrane can be used
in this application, despite the fact that it retains a greater proportion of the
hemicelluloses.

5.1.3 Influence of operating conditions

The influence of operating conditions on flux and retention during microfiltration
of both types of pulp mill process water (TMP and CTMP) was investigated using
the 0.2 um membrane (Paper II and unpublished data). The experiments on
TMP process water were carried out at 80°C, while during the microfiltration
of CTMP process water the temperature was reduced to 60°C. Eighty degrees
is the temperature of the process water at the TMP mill, and 60°C is a tolerable
temperature for technical laccase enzymes that could be used in the cross-linking
stage of Configuration II (Petri Oinonen, private communication).
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A high flux was achieved at the higher cross-flow velocity (5 m/s) during
microfiltration of both pulp mill process streams, as shown in Figure 5.3. Fur-
thermore, the flux increased markedly with increasing transmembrane pressure
at this high cross-flow velocity. The flux increase was less pronounced at the
lower cross-flow velocity of 3 m/s, at which the flux levelled-off above 0.5 bar
as a result of cake layer formation, and reached its limiting value at a transmem-
brane pressure of 0.7 bar. Low cross-flow velocity in combination with elevated
transmembrane pressure is therefore not recommended during the microfiltra-
tion of either of these two process streams. The flux obtained in the present
work was of the same magnitude as that obtained during the microfiltration of
a similar process stream (wood hydrolysate) by other researchers [84].
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Figure 5.3: Influence of operating conditions on flux during the microfiltration of TMP and
CTMP process water (Paper II and unpublished results). Diamonds: cross-flow velocity 5
m/s. Circles: cross-flow velocity 3 m/s. The temperatures of the TMP process water and
CTMP process water were 80°C and 60°C, respectively.

Single hemicellulose and lignin molecules are much smaller than the pore size
of a 0.2 um membrane. Therefore, macromolecule retention during microfiltra-
tion of the two pulp mill process streams should be relatively low. However, as
can be seen in Figure 5.4, the hemicellulose retention was ~33% during micro-
filtration of CTMP process water and as high as ~66% during microfiltration of
process water from the TMP mill. The retention of lignin was ~18% for CTMP
process water and ~9% for TMP process water. The retention of both macro-
molecules was found to be almost independent of the operating conditions, apart
from a slight decrease in hemicellulose retention with increasing cross-flow ve-
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locity during the microfiltration of CTMP process water.
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Figure 5.4: Influence of operating conditions on hemicellulose retention during microfil-
tration of TMP and CTMP process water (Paper II and unpublished results). Diamonds:
cross-flow velocity 5 m/s. Circles: cross-flow velocity 3 m/s. The temperatures of the
TMP process water and CTMP process water were 80°C and 60°C, respectively.

The formation of a cake/gel layer on the membrane surface has been sug-
gested as a possible explanation of the increase in hemicellulose (27-78%) and
lignin (52-53%) retention during microfiltration of wood hydrolysate [84]. How-
ever, this cannot be the only cause of the high retention seen in the present work.
In Figure 5.3 it can be seen that at a cross-flow velocity of 5 m/s the flux increases
with increasing transmembrane pressure for TMP process water, indicating the
absence of a cake layer on the membrane surface. However, hemicellulose re-
tention was as high as under operating conditions where cake layer formation
occurred. Therefore, other phenomena apart from cake layer formation must
be involved in the increase in retention. The ability of hemicelluloses to form
aggregates in aqueous solutions has been demonstrated [91], and it was also
found that hemicelluloses can adsorb onto cellulose surfaces and stabilise col-
loidal wood extractives [11, 12, 56, 92, 93]. Thus, aggregation and adsorption
could be possible explanations of the high retention seen during the microfiltra-
tion of TMP and CTMP process watetr.
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5.1. Removal of suspended matter and colloids

5.1.4 Achievable yield and flux during concentration

In order to recover as much of the hemicelluloses as possible in the microfil-
tration permeate, it is of the utmost importance that microfiltration is run to a
high volume reduction. The performance of the 0.2 um membrane was investi-
gated during the concentration of TMP and CTMP process water under constant
operating conditions (Papers I and III). In these experiments the retentate was
recirculated to the feed tank, while the permeate was continuously withdrawn
from the system.

In Figure 5.5 it can be seen that most of the hemicelluloses in TMP and
CTMP process water could be recovered in the permeate, despite the fact that
the hemicellulose retention during microfiltration was 57-88% and 30-77% for
TMP and CTMP process water, respectively. These high yields were achieved
because microfiltration could be continued to a volume reduction of 98%. Al-
though marked differences in retention were observed, the yields obtained for
both process streams were very similar. This shows that high volume reduction
is actually more important than low hemicellulose retention in obtaining a high
yield using microfiltration.
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Figure 5.5: Increase in hemicellulose yield during the concentration of TMP and CTMP
process water by microfiltration (data from Papers I and III). The temperatures of the
TMP and CTMP process water were 80°C and 60°C, respectively.
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The flux during the concentration of the process streams is illustrated in Fig-
ure 5.6. For both types of process water a high initial flux was observed, which
was maintained until a volume reduction of 80% was reached. At higher volume
reductions, the flux declined steeply, which is probably the result of the consid-
erable increase in the concentration of suspended matter in the feed tank. The
average flux during concentration to a volume reduction of 98% was 300 1/m?h
for TMP process water; somewhat higher than during the concentration of CTMP
process water (260 1/m2h). This higher flux could be explained by the higher
temperature during the experiments with TMP process water and the lower ini-
tial concentration of suspended matter and colloidal extractives in this process
stream.
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Figure 5.6: Flux during the concentration of TMP and CTMP process water by microfil-
tration (Papers I and III). The temperatures of the TMP process water and CTMP process
water were 80°C and 60°C, respectively.

Both high flux and high hemicellulose yield are desirable during microfiltra-
tion, since both result in a decrease in the process cost. However, increasing
volume reduction has opposite effects on the flux and yield, as can be seen in
Figures 5.5 and 5.6. The value of volume reduction that leads to the most cost-
efficient microfiltration process can be determined, but this requires knowledge
concerning the membrane equipment and operating cost, as well as the future
market price of hemicelluloses.
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5.1.5 Flux enhancement by backpulsing

Backpulsing may allow microfiltration to be operated at lower cross-flow veloc-
ities, without incurring any significant flux decline. Lower cross-flow velocities
require less energy for circulation, thus reducing the operating cost of a large-
scale plant. Furthermore, if hemicellulose retention is partly due to cake layer
formation, dispersing the cake layer by backpulsing would reduce the hemicellu-
lose loss. The influence of backpulsing on flux and retention was therefore stud-
ied at two cross-flow velocities at constant transmembrane pressure, using TMP
process water as the feed solution (Paper II). The duration of the pulse (pulse
length) and the interval between the pulses (forward filtration time) were varied.

When microfiltration was operated under conditions where no cake forma-
tion occurs, i.e. a high cross-flow velocity of 5 m/s, backpulsing obviously did not
increase the flux. However, at the lower cross-flow velocity (3 m/s), the tech-
nique was found to have a marked flux-increasing effect, indicating that cake
layers of suspended matter could be efficiently removed from the membrane
surface. In Figure 5.7 it can be seen that the greatest flux improvement occurred
with the shortest pulse length (0.25 s) and the longest forward filtration time (5
s), i.e. backpulsing conditions under which the duration of reverse flow was at a
minimum. Under these conditions, the application of backpulsing increased the
flux from 300 to 420 1/m?h. At a cross-flow velocity of 5 m/s, the flux was 480
1/m2h without backpulsing. Thus, the flux obtained when operating microfiltra-
tion at the lower cross-flow velocity of 3 m/s can be increased to almost the value
at the higher cross-flow velocity of 5 m/s by the application of backpulsing. It
should be noted, however, that the backpulsing parameters were not optimized,
and that a greater improvement in flux may be possible by running at a forward
filtration time longer than 5 s, as indicated by results shown in Figure 5.7.

Backpulsing was not successful in significantly reducing the retention of hemi-
celluloses during microfiltration. Retention was more or less unaffected at the
higher cross-flow velocity, and decreased from 59% to 50% at the lower cross-
flow velocity. This finding confirms the hypothesis that although cake layer for-
mation may contribute to macromolecule retention, other mechanisms (e.g. ag-
gregation and adsorption) have a greater impact on hemicellulose retention dur-
ing the microfiltration of pulp mill process water.
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Figure 5.7: Influence of forward filtration time (t;,,,) (above) and pulse length (t,,;.)
(below) on normalised flux during microfiltration of TMP process water (Paper II). Nor-
malised flux is the ratio between the fluxes observed with and without backpulsing at the
same cross-flow velocity and transmembrane pressure. The temperature was 80°C.

5.2 Separation of hemicelluloses and lignin

After the removal of suspended matter and colloids, ultrafiltration can be used
to concentrate the hemicelluloses and separate them from impurities such as
lignin, monosaccharides and salts. Ideally, hemicelluloses should be completely
retained in this stage, while the impurities pass freely through the pores of the
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membrane, providing the highest possible yield, concentration and purity of
hemicelluloses, and thus the most valuable product. Furthermore, a high flux
is desirable in order to reduce the cost of separation. The performance of four
different membranes was investigated with respect to flux and retention (un-
published data), and the best membrane was used for concentration in the first
ultrafiltration stage of the processes illustrated in Figure 5.1 (Papers I and III).

5.2.1 Screening of membranes

The characteristics of the membranes tested (all from Alfa Laval Nakskov A/S)
for the ultrafiltration stage are given in Table 5.3. Two of these membranes
(UFX5pHt, ETNA10OPP) have previously been found to be suitable for the sepa-
ration of hemicelluloses and lignin in microfiltered TMP process water [43, 69].
In the present work, the permeate from the microfiltration of CTMP process water
was used as the feed solution. The study was carried out with flat-sheet mem-
branes in laboratory equipment consisting of four cross-flow modules connected
in parallel (the equipment is described in Paper VI). The cross-flow velocity was
0.9 m/s, and the temperature was either 60°C or 50°C, depending on the tem-
perature tolerance of the membranes.

Table 5.3: Characteristics of the membranes used in the screening study.

Membrane Material Cut-off Max. temp.
(kDa) cQ
RC70PP Regenerated cellulose acetate 10 60
ETNA10PP Composite fluorpolymer 10 60
UFX5pHt Hydrophilised polysulphone 5 75
NF99HF Polyamide on polyester — 50

¢ >98% MgSO, retention

Among the four membranes, RC70PP had highest flux in the pressure inter-
val investigated, as can be seen in Figure 5.8. The flux was high already at a
low transmembrane pressure of 4 bar, and increased only moderately above this
value. Similar observations were made for the UFX5pHt membrane. Both these
membranes should therefore be operated at a transmembrane pressure below 6
bar in order to reduce the risk of fouling. The flux obtained with the ETNA10PP
and the NFOOHF membranes was much lower at low transmembrane pressure,
but increased almost linearly in the pressure interval investigated. The limiting
flux had therefore not been reached, indicating that these membranes can be
operated at a higher transmembrane pressure.
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Figure 5.8: Influence of transmembrane pressure on flux for the four membranes investi-
gated in the screening study (unpublished results). The permeate from the microfiltration
of CTMP process water was used as feed solution. Retentate and permeate were recircu-
lated to the feed tank.

Figure 5.9 shows the retention of hemicelluloses and lignin for the four mem-
branes. The retention of both hemicellulose and lignin was very high with the
NF99HF membrane, showing that the separation of these two components would
not be possible with this membrane. Such separation could be achieved with the
other three membranes, but only UFX5pHt had a sufficiently high hemicellulose
retention. Ultrafiltration to a volume reduction of 97% with the UFX5pHt mem-
brane would theoretically lead to the recovery of 67% of the hemicelluloses, and
a concentration of 20 g/1 would be achieved in the retentate. The hemicellulose
yield with the ETNA10PP and RC70PP membranes would be less than 40%, and
the concentration only 9.5 and 12 g/1, respectively. The UFX5pHt membrane
was therefore chosen for the further investigations in which hemicelluloses were
concentrated by ultrafiltration.

43



5.2. Separation of hemicelluloses and lignin

100 ‘
' | ®Hemicellulose
OLignin
§ 75 —
C
.0
€ 50 -
Q
]
0]
(h'e
25 —

ETNA10PP RC70PP  UFX5pHt NF99HF

Figure 5.9: Retention of hemicelluloses and lignin at a transmembrane pressure of 6 bar
with the four membranes investigated in the screening study (unpublished results).

5.2.2 Ultrafiltration performance during concentration

A spiral-wound UFX5pHt membrane element was used for the concentration of
hemicelluloses by ultrafiltration, as this was assumed to be the most cost-efficient
type of membrane in a large-scale process. Experiments were carried out with
permeates from the microfiltration of both TMP and CTMP process water. The
cross-flow rate, the transmembrane pressure and the temperature of the process
streams are given in Papers I and III.

The behaviour of the flux during the concentration of hemicelluloses was
similar for the two process streams, as shown in Figure 5.10 (however, note the
difference in operating conditions). In both cases, a marked flux decline was ob-
served with increasing concentration of hemicelluloses in the retentate. A high
concentration of macromolecules leads to an increase in osmotic pressure, and
can also result in the formation of a gel layer. Both phenomena cause a reduction
in flux according to Egs. 4.4 and 4.5. It can be seen in Figure 5.10 that, for both
process streams, the flux decline was initially well described by the film model
(Eq. 4.8), but a deviation from the linear relationship between flux and loga-
rithm of the bulk concentration occurred at high concentration (above ~5 g/1).
Pritchard et al. [94] observed a similar deviation during the concentration of
macromolecule solutions, and showed that the deviation is the result of changes
in the mass transfer coefficient when viscosity increases.
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Figure 5.10: Flux during the concentration of microfiltered TMP and CTMP process water
using the UFX5pHt ultrafiltration membrane (Papers I and III). The temperatures used
were 80°C and 60°C for microfiltered TMP and CTMP process water, respectively.

The hemicellulose retention was high during ultrafiltration of both process
streams and differed considerably from the lignin retention, as can be seen in
Figure 5.11. Consequently, concentration and purification of hemicelluloses was
achieved in the retentate. The UFX5pHt membrane separated hemicelluloses
and lignin more efficiently in TMP process water than in CTMP process wa-
ter. A possible explanation of this could be structural differences in the macro-
molecules in the two process streams. In the CTMP process, hemicelluloses be-
come partly deacetylated, while lignin is sulphonated to some extent before dis-
solution [40, 41]. These reactions do not take place in the TMP process [39, 40].
Furthermore, hemicelluloses and lignin in CTMP process water may be intercon-
nected to a higher degree. The existence of such lignin-carbohydrate complexes
has been demonstrated previously [95, 96], and would explain the poorer sepa-
ration performance during membrane filtration.

The concentration and purity of hemicelluloses in the final retentate obtained
from TMP process water were 64 g/1 and 59%, which are similar to the concen-
trations and purities in hemicellulose fractions reported by others [69, 73, 78].
In the present work, the concentration of CTMP process water was discontin-
ued at a hemicellulose concentration of 14 g/1 (purity 37%), although a higher
concentration could have been achieved. This was done as a hemicellulose con-
centration in the range 10-20 g/1 was expected to result in the most efficient
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Figure 5.11: Retention of hemicelluloses (diamonds) and lignin (circles) during the con-
centration of microfiltered TMP and CTMP process water using the UFX5pHt ultrafiltra-
tion membrane (Papers I and III).

5.3 Cross-linking and hemicellulose
fractionation

Hemicelluloses with high molecular mass will probably be needed for the manu-
facture of future hemicellulose-based products such as barrier films and coatings.
Therefore, it may be necessary to increase the molecular mass of the hemicellu-
loses in pulp mill process water. The ultrafiltration retentate from CTMP process
water was treated with the laccase enzyme for this purpose (Paper III). This
method was developed and patented by Henriksson et al. [97], and was re-
cently successfully applied to increase the size of various wood hemicelluloses
[98]. The mechanism consists of enzyme-catalysed oxidation of the lignin end
groups that are attached to hemicelluloses during the formation of radicals. The
radicals subsequently couple the hemicelluloses, thereby permanently increas-
ing their molecular mass. Figure 5.12 shows the molecular mass distribution
of hemicelluloses before and after enzymatic treatment of the ultrafiltration re-

tentate, demonstrating the desired increase in the average molecular mass of
hemicelluloses.
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Figure 5.12: Size distribution of hemicelluloses before and after enzymatic cross-linking
with laccase (Paper III). Enzymatic treatment was carried out for 3 h at a pH of 4.5 and a
temperature of 40°C. Pure oxygen was continuously bubbled through the solution.

Lignin moieties are not attached to all the hemicelluloses in CTMP process
water, and thus only some hemicellulose molecules are involved in cross-linking
reactions. The solution obtained after enzymatic treatment is thus a mixture
of cross-linked and unreacted hemicelluloses with a broad size distribution. Ul-
trafiltration of the solution after cross-linking was studied using a spiral-wound
UFX10pHt element (cut-off 10 kDa, Alfa Laval Nakskov A/S). The aim was to
remove small hemicelluloses from the mixture and to concentrate the hemicel-
luloses with high molecular mass in the retentate. Such fractionation allows
purified hemicelluloses of particularly high molecular mass and narrow size dis-
tribution to be obtained as a product.

Most of the hemicelluloses in the solution after enzymatic treatment were
recovered in the retentate, as hemicelluloses were highly retained by the mem-
brane during fractionation (retention 90%). Thus, the concentration of hemi-
celluloses in the retentate increased to 53 g/1, while it was low in the permeate
(about 3 g/1). As expected, the hemicelluloses in the retentate were significantly
larger than those in the permeate, as can be seen in Figure 5.13. Furthermore,
the hemicelluloses had a narrower size distribution than before fractionation,
due to the removal of small molecules. An interesting observation was also the
high viscosity of the retentate (27 mPa s at 60°C and 100 s™'), which was sig-
nificantly higher than the viscosity of a similar galactoglucomannan solution re-
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ported by Xu et al. [99]. The high viscosity found in the present work is probably
the consequence of the altered polysaccharide structure due to cross-linking.
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Figure 5.13: Size distribution of hemicelluloses in the high (retentate) and low (permeate)
molecular mass fractions after fractionation and in the solution before fractionation (after
cross-linking) (Paper III). The fractionation process was carried out by ultrafiltration using
a UFX10pHt membrane.

The differences in the quality of the hemicelluloses in the two mass frac-
tions suggest that they would be suitable for use in different applications. The
retentate (high molecular mass fraction) could be suitable for high-value prod-
ucts such as barrier films and coatings, while the permeate (low molecular mass
fraction) might be useful in applications with lower value, for example, the pro-
duction of biogas or bioethanol, or as an additive during paper making in order
to increase the strength of the paper. It has been shown that the molecular mass
of hemicelluloses is less critical for use in the paper-making industry [92]. How-
ever, further concentration of hemicelluloses in the permeate will be required.

5.4 Pure water recovery

In the process stages common to both Configuration I & II (Figure 5.1) most or-
ganic material is removed from the pulp mill process water, leaving only small
solutes (lignin, monosaccharides and salts) and especially water in the ultrafiltra-
tion permeate. Removing the residual solids, thereby producing a reusable pure
water stream could also be of interest, considering that the mechanical pulping
process requires as much as 10-30 m® of fresh water per ton of pulp produced
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[100]. The recycling of purified process water to the pulp mill presupposes a
high water quality, as the pulping process must not be affected detrimentally.
Nanofiltration was studied as a possible technique to purify the permeate after
ultrafiltration of TMP process water (Paper I). The NFO9HF membrane with a
magnesium sulphate retention of >98% was used for this purpose. Among the
four membranes tested, this membrane has previously shown the best perfor-
mance with respect to flux and retention during the purification of process water
from a TMP mill [101].

About three-quarters of the initial volume of process water could be recovered
as purified water by nanofiltration. However, although the initial flux was rela-
tively high (78 1/m?h), the average flux was only 27 1/m?h as the flux declined
rather rapidly with increasing volume reduction as a result of the increasing os-
motic pressure. At a volume reduction of 76% the flux was less than 3 1/m?h,
indicating that the recovery of large amounts of purified water from the ultrafil-
tration permeate is not economically feasible.

The concentration of monosaccharides, lignin and ions (measured in terms of
conductivity) in the ultrafiltration permeate was substantially reduced by nanofil-
tration, showing that the membrane retained these residual solids to a large ex-
tent. At the initial volume reduction (VR 0%), the conductivity was, for example,
reduced from 2 to less than 0.2 mS/cm, and the concentration of monosaccha-
rides and lignin was almost zero. However, the quality of the permeate decreased
with increasing volume reduction. It can be seen in Figure 5.14 that conductivity
and lignin concentration in the permeate increased, particularly when the vol-
ume reduction exceeded 60%. Minttiri et al. [102] also observed an increase
in ion concentration (chloride) in the permeate at higher concentration factors
during the nanofiltration of water from a paper machine. They explained this ob-
servation by the Donnan exclusion mechanism, which implies that an electrical
potential difference across the membrane arises as a result of the high retention
of ions carrying the same charge as the membrane. This electrical potential af-
fects the retention of charged components by the membrane. From the results
of this study it can be concluded that, apart from a higher average flux, higher
water quality can also be achieved by discontinuing nanofiltration at an earlier
stage, i.e. at a volume reduction below 60%.
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Figure 5.14: Conductivity and lignin concentration in the permeate during water purifica-
tion by nanofiltration (data from Paper I). Nanofiltration was carried out with the NFO9HF
membrane at a temperature of 50°C, a cross-flow rate of 1.1 m®/h and a transmembrane
pressure of 20 bar.

Nanofiltration of pulp and paper effluents has also been studied by other re-
searchers with the intention of water conservation and reuse. The performance
of various membranes has, for example, been investigated with wastewater re-
sulting from paper production [102-105] and water discharged from external
activated sludge processes [106]. A large-scale nanofiltration plant for the pu-
rification of paper machine water has been installed at the M-Real Kirkniemi
paper mill in Finland [106].
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Chapter 6

Separation of components in
alkaline extract

A separation process was developed to recover hemicelluloses and chemicals
from an alkaline extract from wheat bran. The process is schematically illus-
trated in Figure 6.1. After extraction of the target molecules with NaOH, hemi-
celluloses were separated from the extraction chemical and co-extracted organic
substances by ultrafiltration. A concentrated and purified hemicellulose fraction
was obtained in the retentate, while the extraction chemical remained in the
permeate together with a small amount of organic substances. These impurities
were removed by nanofiltration, resulting in a purified NaOH solution that could
be recycled and reused for extraction. An alternative to this process is to add a
pre-filtration stage prior to ultrafiltration, as shown in Figure 6.1. The inten-
tion of pre-filtration is to remove substances that hinder ultrafiltration, thereby
improving ultrafiltration performance. The major product of this process is the
ultrafiltration retentate containing the hemicelluloses. These molecules were
further processed by our project partner in order to manufacture biodegradable
barrier films for food packaging.

The ultrafiltration and nanofiltration stages of the process were investigated
in detail in this work. The aim was to optimise the entire separation process by
studying, for example, the influence of the operating conditions and the use of
pre-filtration on ultrafiltration performance. Various membranes were tested in
the nanofiltration stage, and the cost of recovering the extraction chemical was
estimated. This chapter deals with the results obtained in these investigations.
The findings presented and discussed here are taken mainly from Papers IV, V
and VI.
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Figure 6.1: Schematic illustration of the separation process used to recover hemicellu-
loses and chemicals from an alkaline extract from wheat bran. NaOH was used for the
extraction of hemicelluloses in the alkali extraction stage.

6.1 Separation of hemicelluloses and
the extraction chemical

In order to solubilise hemicelluloses in wheat bran at high yield during alkali
extraction, a large amount of the extraction chemical is required. The concen-
tration of NaOH in the alkaline extract is therefore substantial (about 40 g/1),
constituting almost 80% of the total solids. Hemicelluloses are present at a con-
centration of about 7.9 g/l, being only the second most prevalent substance.
Before being used in high-value applications, the hemicelluloses must be sep-
arated from the extraction chemical and purified. For this purpose, a tubular
ceramic ultrafiltration membrane with a cut-off of 10 kDa (Atech Innovations
GmbH) was used (Papers IV and V).

A major challenge during the separation of hemicelluloses and the extraction
chemical is the high viscosity of the alkaline extract, which is about 14 times the
viscosity of water. Generally, when treating high-viscosity solutions with mem-
brane filtration the flux is low [94, 107, 108], and the pressure drop along the
membrane module is high. A larger membrane area is thus required for filtration,
the separation performance can be reduced, and more energy is required for cir-
culation [109]. For these reasons, the best performance during the ultrafiltration
of the alkaline extract will presumably be achieved by operating under conditions
at which the viscosity of the solution is as low as possible. Such a reduction in
viscosity can be achieved either by optimising the viscosity-influencing operating
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conditions, or by removing substances responsible for the high viscosity prior to
ultrafiltration. Both these strategies were evaluated and their influence on ultra-
filtration performance was studied.

6.1.1 Influence of operating conditions

Investigation of the physical properties of the alkaline extract revealed that the
viscosity was markedly influenced by the temperature and the shear stress (Pa-
per IV). Increasing the temperature, for example, from 50 to 80°C decreased the
viscosity to less than half. Furthermore, the solution was found to exhibit shear-
thinning rheological behaviour, which means that the viscosity decreases with
increasing shear stress. Therefore, temperature and cross-flow velocity will be
important parameters during ultrafiltration. The influence of both parameters
was studied at constant transmembrane pressure with the 10 kDa ceramic mem-
brane (Paper IV). Both the retentate and permeate stream were recirculated in
order to maintain constant concentration in the feed tank.

The ultrafiltration flux is shown as a function of the cross-flow velocity at two
different temperatures in Figure 6.2. As expected, a considerably higher flux was
achieved at the higher temperature. Moreover, the flux was found to increase al-
most linearly with increasing cross-flow velocity. The flux-enhancing effect of
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Figure 6.2: Influence of cross-flow velocity on flux during ultrafiltration of an alkaline
extract from wheat bran at two temperatures (Paper IV). A tubular ceramic membrane
with a cut-off of 10 kDa was used for filtration, and the transmembrane pressure was
maintained at 1.5 bar.
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6.1. Separation of hemicelluloses and the extraction chemical

high temperature can be attributed to the decrease in viscosity. High cross-flow
velocity is presumably beneficial due to the sheer-thinning rheological behaviour
and the fact that deposited substances can be more efficiently removed from the
membrane surface. The highest temperature investigated was 80°C, although
the results indicate that a higher flux might be achieved by increasing the tem-
perature further. However, too high a temperature could lead to degradation of
the hemicelluloses [26], which would reduce their suitability as a feedstock for
high-value products.

A higher flux can often be achieved by increasing the transmembrane pres-
sure during ultrafiltration since this increases the force driving filtration. The
influence of transmembrane pressure on ultrafiltration performance was there-
fore studied at constant temperature using three different cross-flow velocities
(Paper V). The flux during ultrafiltration of the alkaline extract was affected by
the transmembrane pressure, but no significant improvement in flux was seen
upon increasing the pressure. As can be seen in Figure 6.3, even at the highest
cross-flow velocity of 5 m/s, the flux levelled off at a low transmembrane pres-
sure (about 0.8 bar), after which it became increasingly independent of pressure.
This levelling-off of the flux indicates that some substances in the alkaline extract
formed a gel layer on the membrane surface. As the formation of such a layer
could not be avoided even at the highest shear, it appears that it is impossible to
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Figure 6.3: Influence of transmembrane pressure on flux during ultrafiltration of an alka-
line extract from wheat bran at a temperature of 80°C (Paper V), using a tubular ceramic
membrane with a cut-off of 10 kDa.
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achieve a flux above 75 1/m?h in the ultrafiltration stage by simply optimising
the operating conditions. The flux during ultrafiltration of similar hemicellulose-
containing extracts has been studied by others using various kinds of membranes
and modules [17, 19, 76, 107], and low flux seems to be a common problem with
this kind of process stream.

The retention of the membrane was not affected by varying the temperature,
cross-flow velocity or transmembrane pressure during ultrafiltration. The reten-
tion of hemicelluloses was high (about 96%) and the retention of NaOH less than
10%. Thus, from a separation point of view, ultrafiltration of the alkaline extract
was most satisfactory.

6.1.2 Influence of pre-filtration

The addition of a pre-filtration stage to the process was investigated with the
aim of improving the subsequent ultrafiltration performance. Appropriate pre-
treatment can improve flux during membrane filtration, as shown by others
[72, 110, 111]. Furthermore, pretreatment may be advantageous as it might
also increase the purity of the hemicellulose fraction after ultrafiltration, and
thereby its suitability for the manufacture of barrier films. Apart from hemi-
celluloses and the extraction chemical, the alkaline extract also contains acid-
insoluble substances. In the initial experiments it was found that about 90%
of these compounds was retained by the ultrafiltration membrane (Paper V). As
a consequence of this high retention, a considerable proportion of these acid-
insoluble substances will end up in the ultrafiltration retentate together with the
hemicelluloses. Contamination of the product could possibly be prevented by
the removal of such compounds using pre-filtration. Two different methods, mi-
crofiltration and dead-end filtration in a filter press with kieselguhr as filter aid,
were used in this work. The pore size of the microfiltration membrane was 0.2
um, and a 10 um filter cloth was used in the filter press. The influence on ultra-
filtration performance was studied after pre-filtration using the microfiltration
permeate and the dead-end filtration filtrate as feed in the ultrafiltration stage
of the process.

Both pre-filtration methods increased the ultrafiltration flux substantially, as
can be seen in Figure 6.4. The highest flux achieved when treating the solution
obtained from the extraction process, was only about 75 1/m?h, while the flux
obtained at the same operating conditions after dead-end filtration and micro-
filtration was 225 and 440 1/m?h, respectively. The limiting flux during ultrafil-
tration of the two filtrates was not reached in the pressure interval investigated,
indicating that substances that formed a deposition layer were removed to a
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6.1. Separation of hemicelluloses and the extraction chemical

large extent by both pre-filtration methods. The removal of these gel-forming
substances, in combination with the markedly lower viscosity of the solutions
after pre-filtration (Paper V), is probably the reason for the positive effect on
ultrafiltration flux.
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Figure 6.4: Flux in the ultrafiltration stage of the process after either microfiltration (MF),
dead-end filtration (DEF) or no pre-filtration (No Pre-F) of the alkaline extract from wheat
bran (data from Paper V). A tubular ceramic membrane with a cut-off of 10 kDa was used
for ultrafiltration. The temperature was 80°C and the cross-flow velocity 4 m/s.

Although microfiltration led to the greatest improvement in the flux, this
method is not suitable for pre-filtration, if carried out in the same way as in this
work. It was found that the hemicellulose concentration after microfiltration
was only 4% of the initial concentration in the extract. The 0.2 um membrane
thus retained most of the hemicelluloses, leading to a substantial product loss.
One way of making microfiltration more suitable could be to use a membrane
with a larger pore size. However, the fact that hemicellulose molecules are much
smaller than the 0.2 um pores suggests that macromolecules were retained by
the gel layer. Therefore, decreasing the membrane resistance by increasing the
pore size may not lead to the desired decrease in retention. The observation that
membrane pore size is not always a key factor in improving retention efficiency
has also been made by Liu et al. [112].

The loss in hemicelluloses using dead-end filtration was negligible, and more
than half of the undesired acid-insoluble substances could be removed. Thus,
dead-end filtration has the potential to increase the cost-efficiency of hemicellu-
lose recovery from the alkaline extract. However, it should be noted that a large
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amount of kieselguhr was needed as a filter aid in order to achieve acceptable
capacity and filtrate purity. The concentration of filter aid (2 wt%) was more
than 10 times the concentration typically used in industry, for example, for the
clarification of beer [113]. This large amount of kieselguhr leads to an increase
in process cost and a high burden on the environment. Therefore, there is clearly
a need to optimise the pre-filtration stage.

The impact of dead-end filtration on the quality of oxygen barrier films pro-
duced from isolated hemicelluloses was further investigated by our project part-
ner (unpublished results). Barrier films for food packaging with a thickness of
50 um were prepared from hemicelluloses isolated by ultrafiltration and from
hemicelluloses isolated by a combination of dead-end filtration and ultrafiltra-
tion. The strength of both kinds of free-standing films was evaluated by measur-
ing the tensile strain at break. The capability of the films to retain oxygen gas
when used to coat a polyethylene terephthalate support was also measured. It
was found that films produced from hemicelluloses isolated by dead-end filtra-
tion had a tensile strain at break more than twice as high (28.2% versus 12.6%),
but the same low oxygen transmission rate (~5 cm® m™2 d~! measured at 50%
relative humidity) as those manufactured from hemicelluloses isolated by ultra-
filtration alone. Thus, it appears that as well as improving membrane perfor-
mance, dead-end filtration also increases the quality of the final product. The
tensile strain at break and oxygen transmission rates of the films prepared in this
work were comparable to those prepared by others [6-8].

6.1.3 Ultrafiltration performance during concentration

The performance of ultrafiltration during the concentration of hemicelluloses in
the alkaline extract was investigated (Paper V). The major objective of this study
was to determine the maximal achievable hemicellulose concentration in the re-
tentate. Furthermore, it was of interest to analyse the influence of concentration
on the flux. The alkaline extract was pre-filtered in the filter press prior to ultra-
filtration.

The flux is shown as a function of hemicellulose concentration in the retentate
in Figure 6.5. As expected, the flux declined with increasing concentration, and
it was found that this behaviour was well described by the film model (Eq. 4.8).
The maximal hemicellulose concentration achievable in the retentate can thus
be determined to be about 40-50 g/1, which was reported to be the gelation
concentration of arabinoxylan [107]. The final retentate still contained more
NaOH than hemicelluloses, which suggests that purification of the hemicelluloses
after concentration will be necessary. This could be achieved by diafiltration
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[68], precipitation with organic solvents [74] or chromatographic methods [80,
88].
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Figure 6.5: Flux during the concentration of hemicelluloses in alkaline extract after dead-
end filtration. A tubular ceramic membrane with a cut-off of 10 kDa was used for ultra-
filtration (data from Paper V). The temperature was 80°C, the cross-flow velocity 5 m/s
and the transmembrane pressure 1.2 bar.

6.2 Separation of the extraction chemical
and residual solids

Most of the organic substances were removed from the alkaline extract in the pre-
filtration and ultrafiltration stages. As a consequence, almost 95% of the solids in
the ultrafiltration permeate consisted of NaOH, and only 5% represented organic
substances such as lignin and monosaccharides. Removing this minor amount
of organic material could allow reuse of the process stream for hemicellulose
extraction, leading to savings in the cost of the extraction chemical. Nanofil-
tration has been used for the recovery of caustic solutions, for example, from
process liquors from viscose fibre production [114], from cleaning solutions in
the dairy industry [115, 116], and from wastewater in polyester or chitin pro-
cessing [117, 118]. Nanofiltration was also studied in the present work (Paper
VI). First, a suitable membrane for NaOH recovery was identified in a screening
study. Then, the best membranes were further investigated in a concentration
study, and the cost-efficiency of NaOH recovery by nanofiltration was evaluated.

58



Chapter 6. Separation of components in alkaline extract

6.2.1 Screening of nanofiltration membranes

During nanofiltration of the ultrafiltration permeate, organic substances must be
retained by the membrane to high degree in order to prevent the accumulation
of organic material when recycling the alkaline solution. In contrast, a low re-
tention of NaOH is desirable, since the higher the concentration in the permeate,
the less the amount of fresh extraction chemical required in order to regain the
initial strength of the extraction solution. The performance of seven membranes,
differing in cut-off and material, was investigated. The main characteristics of
these membranes are given in Paper VI.

The separation performance and the flux differed considerably between the
membranes included in the study. It can be seen in Figure 6.6 that only the
membranes manufactured by Koch Systems Inc. (MPF-34, MPF-36) and Micro-
dyn Nadir GmbH (NP030, NP010) showed sufficiently high retention of lignin
and sugars to be suitable for this application. The highest removal of organic
substances was achieved with the MPF-34 membrane, with which the retention
of both lignin and sugars was above 99.5%. This membrane is thus most suit-
able if there is a high demand on the purity of the NaOH solution during reuse.
However, the MPF-34 membrane also retained NaOH to a high degree, leading
to a reduction in the amount of extraction chemical that can be recovered in the
permeate. Furthermore, it had the disadvantage of a relatively low flux.
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Figure 6.6: Separation performance of various nanofiltration membranes for the recov-
ery of NaOH from the permeate after ultrafiltration (Paper VI). The permeate and the
retentate stream were recirculated to the feed tank.
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The flux during nanofiltration of the alkaline solution was considerably higher
than expected for some membranes, based on previously published data for this
kind of application. Fluxes in the range of 7-50 1/m2h have been measured by
other researchers during the recovery of NaOH from alkaline solutions by nanofil-
tration [114-118]. In the present work, a flux of this magnitude (~25 1/m?2h)
was only observed for the MPF-34 membrane. In the case of the NPO30 mem-
brane the flux was ~190 1/m?h, and with the NP0O10 and MPF-36 membranes a
flux of almost 500 1/m?h was achieved under the most suitable operating con-
ditions (Paper VI). These exceptionally high fluxes are probably the result of the
efficient removal of organic substances in the previous stages of the process. Van
der Bruggen et al. [111] showed that large organic compounds could have a
considerable negative impact on flux during nanofiltration.

Due to their high flux and good separation performance, the MPF-36 and the
NPO10 membranes were further investigated. The aim of these experiments was
to study the performance of nanofiltration during concentration of the alkaline
solution, and to obtain data for the cost estimates.

6.2.2 Nanofiltration performance during concentration

A similar high average flux (about 200 1/m?h) was observed during concentra-
tion of the alkaline solution to a volume reduction of 75% with the NP010 and
MPE-36 membranes (Paper VI). The initial flux was higher with NP010, while
the flux was found to decline less with increasing volume reduction with MPF-
36. The less pronounced flux decline with MPF-36 indicates that this membrane
is less susceptible to fouling and would thus presumably require less frequent
cleaning when used in a large-scale process. However, the NP0O10 membrane
has the advantage of having a higher temperature tolerance. As high tempera-
ture was found to be an advantage in the ultrafiltration stage of the process, using
a membrane resistant to high temperature during nanofiltration would obviate
the need for cooling prior to nanofiltration.

The alkaline solution could be purified to about the same extent with both
membranes without any significant loss in the extraction chemical, as can be seen
in Figure 6.7. The retention of NaOH was below 20% (averaged value) in both
cases, resulting in a recovery of almost 70% in the nanofiltration permeate. The
recovery of NaOH could be increased even further by allowing nanofiltration
to proceed to a higher volume reduction. However, as lignin and sugars are
not completely retained by these membranes, the amount of impurities in the
nanofiltration permeate would also increase with increasing volume reduction.
The concentration of NaOH in the permeate accumulated after nanofiltration was
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found to be about 35.7 g/1 for the MPF-36 membrane and 37.7 g/1 for the NP010
membrane. Considering that the concentration of NaOH in the alkaline solution
used for hemicellulose extraction is roughly 40 g/1, the need for fresh NaOH to
restore the solution prior to reuse would be small, and thus the potential saving
in the cost of the extraction chemical considerable.
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Figure 6.7: Recovery of NaOH, lignin and sugars in the nanofiltration permeate during
concentration using the MPF-36 membrane (filled symbols) and the NP010 membrane
(open symbols). The cross-flow velocity was 0.9 m/s, the transmembrane pressure 15
bar, and the temperature 70°C (MPE-36) or 80°C (NP010). (Data from Paper VI).

6.2.3 Cost of recovering the extraction chemical

Recovering NaOH from the ultrafiltration permeate for reuse reduces the cost of
the chemical needed for the extraction of hemicelluloses from wheat bran, but
increases the investment and operating costs for membrane filtration since an
additional nanofiltration stage is required for the purification of the permeate.
Calculations were therefore performed to determine whether the cost savings
resulting from additional nanofiltration could compensate for the additional ex-
pense. The cost estimates were based on empirical data from a concentration
study carried out with the NP0O10 membrane, as well as cost data obtained from
membrane manufacturers. Further details of the assumptions made in the cost
estimates can be found in Paper VI.
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The estimates indicated that the application of the nanofiltration stage in
the process illustrated in Figure 6.1 is cost-efficient, provided that the entire
nanofiltration permeate can be reused for extraction. The investment cost for
a nanofiltration plant capable of recovering about 0.3 tons of NaOH per hour
was estimated to be 123 k€ . The membrane area required in this plant is about
57 m? and the operating costs only 5.6 € per ton dry NaOH dissolved in the
nanofiltration permeate. As the price of NaOH purchased in large quantities is
350<€ per ton, the investment cost of such a membrane plant would be paid back
after less than 1150 hours of operation.

It should be pointed out that the cost estimates presented in Paper VI are
based on flux data obtained with flat-sheet membranes, while the nanofiltration
plant was designed for spiral-wound elements by reason of their lower cost. It
is not certain that the same flux would be achieved with spiral elements as with
flat-sheet membranes, as fluid dynamics can vary considerably in different mod-
ules. Ribera et al. [119] compared nanofiltration using the same membrane
in flat-sheet and spiral-wound configurations and obtained very similar results.
However, Résédnen et al. [120] found that the flux during nanofiltration with
flat-sheet membranes was about twice as high as that with a spiral-wound ele-
ment, and assumed that this was because the entire membrane area was not used
effectively in the spiral element. Thus, although the nanofiltration plant consid-
ered in the present work was provided with a safety margin of 25 m? (45% of
the required membrane area), a larger plant may be needed in a commercial
process, resulting in a higher investment cost and a longer payback time. There-
fore, the conclusion that can be drawn from the cost estimates is that the use of
nanofiltration has a high cost-reducing potential, but additional experiments are
needed for final dimensioning and reliable cost estimates for a large-scale plant.
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Chapter 7

Conclusions and future work

Many industrial processes using biomass as raw material result in process streams
in which components such as hemicelluloses, lignin and extractives are dissolved
or dispersed. These biopolymers have a high potential for use as a resource for
new bio-based products. The work described in this thesis was concerned with
the separation of these biomass components from each other, thereby producing
concentrated, purified fractions suitable for new products. Separation processes
were developed for two process streams originating from thermomechanical and
chemithermomechanical pulping of wood, as well as for an alkaline solution
derived from an industrial process in which hemicelluloses are extracted from
wheat bran. The influence of various process parameters and process configu-
rations on separation performance was studied in order to make separation as
energy- and cost-efficient as possible.

7.1 Conclusions

Microfiltration was found to be an efficient method for separating undissolved
substances from dissolved macromolecules in both types of pulp mill process
water. Using this technique, it was possible to remove suspended solids and col-
loidal wood extractives almost completely. A high flux and low fouling tendency
were achieved with a membrane with a pore size of 0.2 um. However, the re-
tention of dissolved hemicelluloses was relatively high, reducing the amount of
hemicelluloses that could be recovered from TMP and CTMP process water. Al-
though hemicellulose retention was reduced by increasing the membrane pore
size, 0.4 and 0.8 um membranes are not suitable for this application due to their
high susceptibility to pore blockage.
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It was shown that the operating conditions had a marked influence on flux
during microfiltration, but did not affect retention. A higher flux was achieved
by increasing the cross-flow velocity from 3 to 5 m/s and by increasing the trans-
membrane pressure in the range 0.3 to ~1.0 bar. A volume reduction of at least
98% could be achieved at high average flux (260-300 1/m?h) with both types of
process water, as shown in the concentration studies. Allowing microfiltration to
proceed to high volume reduction is important, as it allows an acceptably high
yield of hemicelluloses to be achieved, despite elevated retention by the mem-
brane. In the experimental studies, almost 80% of the hemicelluloses could be
recovered in the microfiltration permeate.

During the microfiltration of TMP process water backpulsing was found to
increase the flux by 40% at the lower cross-flow velocity of 3 m/s, provided that
appropriate backpulsing parameters were used. This indicates that microfiltra-
tion could be operated at a lower cross-flow velocity with backpulsing, without
the undesirable decline in flux. Such a reduction in cross-flow velocity is attrac-
tive as it decreases the energy required by the recirculation pumps, and could
therefore increase the cost-efficiency of microfiltration. However, the technique
was not efficient in reducing the high retention of hemicelluloses.

The separation of dissolved hemicelluloses and lignin molecules in the mi-
crofiltration permeate by ultrafiltration was studied. Of four different polymeric
membranes, the UFX5pHt membrane (cut-off 5 kDa) showed the best separation
performance and exhibited a high flux and a relatively low fouling tendency. It
was shown that hemicelluloses in TMP process water could be concentrated to
above 60 g/l and that the purity could be increased to about 60%, due to the
efficient removal of lignin molecules with the ultrafiltration permeate. Using en-
zymatic treatment after hemicellulose concentration, it was possible to cross-link
hemicelluloses in CTMP process water, thereby increasing their molecular mass.
It was found that hemicelluloses with high molecular mass could be partially
separated from those with low molecular mass using an additional ultrafiltra-
tion stage after cross-linking. Enzymatic treatment followed by hemicellulose
fractionation is particularly attractive if large molecules with a narrow size dis-
tribution are needed for the manufacture of new bio-based products.

Results from the studies carried out on the alkaline extract from wheat bran
showed that hemicelluloses could be efficiently separated from the main im-
purity, NaOH, by ultrafiltration using a 10 kDa ceramic membrane. However,
the high viscosity of the solution and the presence of gel-forming substances re-
sulted in an unacceptably low flux. The flux could be increased by increasing the
temperature and cross-flow velocity, but increasing the transmembrane pressure
above 0.8 bar had only a slight flux-enhancing effect. Furthermore, the results
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indicated that a flux above 75 1/m?h could not be achieved by simply optimising
the operating conditions during ultrafiltration. Studies of pre-filtration meth-
ods showed that the viscosity could be substantially reduced and gel-forming
substances partly removed prior to ultrafiltration. As a result of this, the ultra-
filtration flux increased to 225 and 440 1/m?h after pre-filtration by dead-end
filtration and microfiltration, respectively. However, although microfiltration re-
sulted in the most pronounced improvement in flux, only dead-end filtration
allowed high hemicellulose recovery in the separation process.

Purification of the ultrafiltration permeate by nanofiltration was studied with
the aim of producing a purified NaOH solution that could be reused for hemicel-
lulose extraction. It was shown that an extremely high flux (almost 500 1/m?h)
could be combined with very low NaOH retention (3-15%) and good removal
of organic impurities (retention of lignin and sugars of 52-89%) when using the
polymeric membranes NPO10 (cut-off ~1.2 kDa) and MPF-36 (cut-off 1 kDa)
for nanofiltration. Use of the MPFE-34 membrane (cut-off 0.2 kDa) resulted in
a purer NaOH solution, which could be a requirement for reuse, however, less
NaOH could be recovered due to the higher retention, and the flux was more than
a factor 10 lower than that obtained with the NP010 and MPF-36 membranes.
Preliminary cost estimates based on experimental data obtained with the NPO10
membrane indicated that the investment cost of a nanofiltration plant would be
paid back after only 1150 hours of operation.

7.2 Future work

This work dealt primarily with the development of separation processes for var-
ious biomass-containing process streams. However, very little work has been
performed on investigating the most suitable application for the concentrated
and purified fractions obtained in these separation processes. More extensive
studies of the properties of the high-value products that could be manufactured
from these fractions should be carried out in the future.

During the microfiltration of pulp mill process water a high flux was achieved,
but the retention of hemicelluloses was also high although the molecules are
smaller than the pores of the membrane. In this work it was hypothesised that
agglomeration and adsorption were the main causes of the elevated retention,
but no proof was presented. Further investigations into the cause of increased
retention and ways of preventing it would be beneficial, as this would allow
higher hemicellulose yields to be achieved in the separation process.
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Backpulsing was found to have the potential for energy savings during the
microfiltration of pulp mill process water, as it would allow operation at lower
cross-flow velocities. However, more detailed investigations are needed to de-
termine the optimal backpulsing parameters, and studies of the technique at low
cross-flow velocity in a concentration study with TMP and CTMP process wa-
ter remain to be done. Results from such investigations would be interesting
as they would allow a reliable determination of the energy-saving potential of
backpulsing.

Recovering biomass components such as hemicelluloses and lignin from pulp
mill process water alters the composition of these streams. In a pulp mill the
process water is partly recirculated for washing purposes before it leaves the
mill as waste water. Changing the composition of the recirculation water could
affect the pulping process and the pulp quality. Future studies must address this
issue before separation processes developed for pulp mill process water can be
implemented on a large scale.

In the process developed for treating alkaline extract from wheat bran, the
use of dead-end filtration was found to enhance the performance of subsequent
ultrafiltration. However, as dead-end filtration was not optimised, the capacity
was rather low and the amount of kieselguhr needed was high. More detailed
investigations are needed, including studies on the influence of using various
kieselguhr qualities, filter cloth structures and operating conditions, to optimise
the performance of dead-end filtration. High centrifugal forces could possibly
also be effective in removing gel-forming substances, thereby improving the ul-
trafiltration flux without the need of a filter aid. The use of centrifugation as a
possible form of pretreatment prior to ultrafiltration was not considered in the
present work, but should be investigated in the future.

When using the NP010 and MPF-36 membranes, a purified solution of the ex-
traction chemical was produced after ultrafiltration of the alkaline extract from
wheat bran. This solution was intended to be reused for hemicellulose extrac-
tion, thereby reducing the amount of NaOH required in the entire process. In the
future, it should be investigated whether the nanofiltration permeate is of suf-
ficient purity for reuse, and how recirculation would affect the overall process.
Furthermore, nanofiltration studies should be carried out using spiral-wound el-
ements in order to confirm the cost estimates presented in this work.

The experimental studies presented in this thesis were carried out on large
laboratory scale. Working on this scale provides valuable information on suitable
membranes and operating conditions, as well as appropriate process configura-
tions. However, pilot-scale experiments will be required to verify the results and
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refine the process design. Such investigations are also needed to study the long-
term performance of the membrane filtration stages and to determine the cost
of the process more precisely. Furthermore, pilot experiments should be used to
investigate how the separation processes developed in this work could be inte-
grated into existing processes at industrial sites.
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In this work process water from a thermomechanical pulp mill was divided into five fractions by filtration
and membrane filtration. Suspended matter was mainly isolated in the retentate from the drum filter,
extractives in the microfiltration retentate, hemicelluloses in the ultrafiltration retentate and lignin in
the nanofiltration retentate. The final water fraction was of fresh water quality. For each tonne of pulp
produced, about 10 kg of suspended matter, more than 0.3 kg of extractives, 11 kg of hemicelluloses
and 8 kg of aromatic compounds (lignin) could be recovered from the drum filtration retentate, the
microfiltration retentate, the ultrafiltration retentate and the nanofiltration retentate, respectively. About
40% of the treated process water could be recovered as fresh water.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Galactoglucomannans (GGM), which are the main hemicellu-
loses in softwood, could be used in a wide variety of applications
(Willfor et al., 2008). Examples of products that could be derived
from GGM are food packaging film (Hartman et al., 2006a,b;
Hansen and Plackett, 2008), hydrogels (Soderqvist Lindblad et al.,
2001, 2005) and emulsion stabilizers for beverages (Mikkonen
et al.,, 2009). It has also been proposed that GGM could be used
to decrease the deposition tendency of pitch in paper pulp and
increase paper strength (Willfor et al., 2003a).

Several research groups have studied the recovery of GGM from
Norway spruce (Picea abies) using different methods. Lundqvist
et al. (2003) and Palm and Zacchi (2003, 2004) used heat-fraction-
ation and steam treatment of wood chips, while Willfor et al.
(2003a,b) extracted GGM from native wood and thermomechanical
pulp. Recently, GGM have been recovered from process streams
from thermomechanical pulp (TMP) mills (Persson et al., 2007;
Willfor et al., 2008; Xu et al., 2009; Persson, 2009).

The yield during thermomechanical pulping is about 97.5% of
the wood material (Sundholm, 1999), which means that 2.5% of
the material is dissolved in the process water. GGM, which repre-
sent 15-20% of the wood in softwood, constitute the main mate-
rial dissolved in water. In total about 10% of the GGM are
dissolved (Thornton et al., 1994), corresponding 1-2% of the wood
material. The high solubility of GGM is due to their high degree of

* Corresponding author.
E-mail address: ann-sofi.jonsson@chemeng.Ith.se (A.-S. Jénsson).

0960-8524/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biortech.2009.12.142

acetylation in combination with their relatively low-molar-mass
(Hartman et al., 2006a).

A schematic flow sheet illustrating a process for the recovery of
non-fibrous wood material components released from thermome-
chanical pulps has been presented by Willfér et al. (2003a). A pat-
ent for the process was filed in 2001 (Eckerman et al., 2002). In the
patented process, the isolation of different substances is performed
in a number of sequential stages: (1) fibres and larger particles are
removed by pressing or filtration, (2) non-soluble colloidal wood
resins are isolated by extraction, filtration, centrifugation or flota-
tion, (3) aromatic compounds are removed by absorbents, aromatic
exchange resin or chromatography and, finally, salts are removed
by dialysis or reverse osmosis leaving a purified fraction of
polysaccharides.

The process used in this work, which is based on our previous
studies (Persson et al., 2007, 2009; Persson, 2009), consists of four
stages. In this process, the separation of substances in TMP process
water is achieved by filtration and membrane filtration only. Drum
filtration (DF) is used in the first stage to remove particles and
fines. Extractives and remaining suspended solids in the filtrate
are removed in the second stage by microfiltration (MF). Hemicel-
luloses are concentrated by ultrafiltration (UF) in the third stage,
and, finally, the UF permeate, containing sugar, lignin and salt, is
purified by nanofiltration (NF). The aim of this work was to study
the fractionation and performance of each of the four stages.

Ultrafiltration is the key technology when isolating GGM from
process water in TMP mills. The performance of the UF membrane
is thus of the utmost importance. Choosing a membrane is a deli-
cate balance between capacity (flux), yield (retention) of GGM,
purity of the product (retention of GGM and lignin) and fouling
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(cleaning frequency). Membranes with cut-offs of 1 kDa (Hartman
et al., 2006b; Persson, 2009), 5kDa (Persson, 2009), 10 kDa
(Persson et al., 2007; Persson, 2009) and 20 kDa (Willfor et al.,
2003a) have been used in previous investigations. It was shown
that membranes with cut-offs of 5 and 10 kDa can be operated
at rather high fluxes, whereas the flux of a membrane with a
cut-off of 1 kDa was significantly lower (Persson, 2009). The mem-
brane with a cut-off of 5 kDa exhibited a higher fouling susceptibil-
ity, but higher temperature stability and retention of GGM than the
10 kDa membranes. This membrane was therefore used in this
investigation.

In an industrial application, the entire process would, of course,
be run continuously. In the current study, every stage had to be run
separately due to the finite volume of process water. However,
after the completion of one stage, the liquid was immediately trea-
ted in the next stage. Industrial conditions were thus as closely
resembled as possible.

2. Methods
2.1. Process water

Process water from a Swedish TMP mill producing pulp from
spruce wood was used to evaluate the fractionation process. About
9201 of process water was collected from the disc filters after the
refiners and immediately transported to Lund University. Refining
is performed in this mill at a pressure of about 4 bar and a temper-
ature of 140 °C. The temperature of the process water at the time of
collection was 80 °C and 50 °C at the time of delivery. The pH of the
process water was 4.3. The water contained about 1.2 g/l hemicel-
luloses, of which GGM was the main constituent. The average
molar mass has been determined in a previous study to be about
10 kDa (Persson, 2009).

2.2. Experimental procedure

The process water was divided into five fractions by filtration
and membrane filtration, as shown in Fig. 1. The membrane filtra-
tion (MF, UF and NF) experiments were performed in a similar way.
The MF and UF systems were first operated in semi-batch mode,
i.e. the feed tank (2001) was continuously topped up with feed
solution as permeate was withdrawn. When the last of the feed
solution had been added to the feed tank, the system was operated
batch-wise. The NF system was operated in batch mode from the
beginning.

Before membrane filtration, the systems were allowed to stabi-
lize for 1 h at the chosen operating conditions. The flux of the MF,
UF and NF membranes was then stable when concentration began.
During stabilization, both the retentate and the permeate were
recirculated to the feed tank. During the actual filtration run, the

retentate was recycled to the feed tank and the permeate was
withdrawn continuously.

Pressure was measured at the inlet and outlet of the feed chan-
nel. In the microfiltration equipment, the pressure was also mea-
sured on the permeate side. In the ultrafiltration and
nanofiltration equipments, atmospheric pressure was assumed
on the permeate side. The transmembrane pressure is the average
pressure between the inlet and outlet pressure minus the pressure
on the permeate side. During microfiltration, the transmembrane
pressure was regulated by two valves, one on the retentate line
and one on the permeate line. The temperature was measured with
a Pt100 thermocouple element and controlled with a PID regulator.
The permeate flow was measured gravimetrically with a balance.
Pressure, temperature and permeate flow rate were recorded by
a PC equipped with LabView 6.0 software (National Instruments
Co., TX, USA). Samples were taken from the feed tank and the per-
meate line at different volume reduction (VR) intervals. VR is de-
fined as the ratio between the volume of permeate withdrawn
and the feed volume.

The membranes were cleaned with an alkaline cleaning agent,
0.5 wt.% Ultrasil 10 (Henkel Chemicals Ltd., Germany), for one hour
at 50 °C. The system was thoroughly rinsed with deionized water
after cleaning.

2.3. Drum filtration

The process water was treated in a drum filter (model
HDF802-1F) from HydroTech AB, Sweden, to remove particles
and fines. The pore size of the microscreen was 10 pm and the fil-
tration area was 0.9 m2 During rotation of the drum, the nozzles
spray filtrate onto the microscreen to remove the retained solid
material. The filtration rig was operated at the highest possible
capacity (meaning that the drum is constantly in rotation). Fil-
trate was continuously withdrawn while the retained solid mate-
rial was recirculated to the feed tank. Filtration was performed at
50°C (the temperature of the process water at the time of
delivery).

2.4. Microfiltration

The filtrate from drum filtration was further treated by microfil-
tration to remove the remaining solids and extractives. A ceramic
membrane with a pore size of 0.2 um (Atech Innovations GmbH,
Germany) was used. The membrane used in the investigation is
1 m long and has seven flow channels in parallel, each with an in-
ner diameter of 6 mm (a 7/6 element). The total membrane area is
0.13 m?. The largest module using 7/6 elements contains 114 ele-
ments (all in parallel) giving a total membrane area of 15 m? In
this study, a single-element module (M1) was used. Filtration
was performed at 80 °C. The cross-flow velocity was 4 m/s, giving

Particles & Solids & Hemicelluloses Lignin &
Fines Extractives Salt
PROCESS N N N N FRESH
WATER WATER
~ DF ~ F = UF —— NF -
DRUM FILTRATION MICROFILTRATION ULTRAFILTRATION NANOFILTRATION

Fig. 1. A schematic illustration of the overall process.
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a pressure drop over the element of 0.73 bar. The average trans-
membrane pressure was 0.7 bar.

2.5. Ultrdfiltration

The permeate from the microfiltration stage was ultrafiltered to
concentrate and purify the hemicelluloses. A 2517 UFX5 spiral-
wound membrane element (Alfa Laval Corp., Sweden) with a
48 mil (1.2 mm) spacer was used. The membrane is made of
hydrophilized polyethersulphone and the nominal molar mass
cut-off is 5 kDa. The outer diameter of the membrane element is
2.5” (0.06 m) and the length 17” (0.43 m). The membrane area is
0.7 m%

Filtration was performed at 80 °C. The transmembrane pres-
sure was 6 bar and the cross-flow was 1.5 m*/h. The cross-flow
did not need to be reduced during concentration as the maximum
pressure drop recommended by the manufacturer (0.6 bar) was
not exceeded. The pressure drop was 0.3 bar at the beginning
and 0.6 bar at the end (at VR=99%). Permeate was withdrawn
until the liquid level in the feed tank prevented further
concentration.

2.6. Nanofiltration

Around 2001 of the permeate from ultrafiltration was further
treated with a NF membrane to produce high-quality fresh water.
The flux and retention of four NF membranes have been studied
previously when treating process water sequentially by microfil-
tration, ultrafiltration and nanofiltration (Persson et al., 2009).
The NFO9HF membrane from Alfa Laval was found to have a signif-
icantly higher flux and a higher retention of lignin and charged
compounds (measured as conductivity) than the other mem-
branes, and was therefore used in this investigation.

A 2517 NF99HF spiral membrane with a 30 mil (0.8 mm) spacer
from Alfa Laval was used. A smaller spacer than in the UF module
could be used since the risk of blocking the feed flow channel was
markedly reduced after ultrafiltration. The membrane area of the
module is 1.1 m?,

The material in the NF membrane is more temperature sensitive
than the material in the UF membrane. Filtration was therefore
performed at 50°C (the maximum recommended temperature
for the membrane). The transmembrane pressure was 20 bar and
the cross-flow was 1.1 m*/h.

T. Persson et al./Bioresource Technology 101 (2010) 3884-3892

2.7. Analyses

2.7.1. Total solids, suspended and dissolved matter, and ash

Samples were dried in weighed aluminium dishes at 105 °C to
constant weight. The total solids (TS) content was then calculated
by weighing of the residue.

Samples were filtered through a weighed glass fibre filter
(Whatman GFB) with pore size 1.0 um. The MF retentate samples
were diluted before filtration, since filtration of the undiluted sam-
ples was very difficult. The filtrate and the filter with the resulting
filter cake were dried in separate dishes at 105 °C to constant
weight. The content of suspended matter was then calculated after
weighing the filter cake. The content of dissolved matter was cal-
culated after weighing the filtrate. Thus, the suspended matter is
defined as the solid material retained by a filter with 1 pm pores
and the dissolved matter as compounds that pass through the
filter.

Samples were heated to 575 °C, and this temperature was main-
tained for 24 h. The samples were then kept at 105 °C for a mini-
mum of 4 h. The ash content was determined by weighing the
sample.

2.7.2. Lignin

The lignin content was determined by measuring the light
absorption at a wavelength of 280 nm, using a Shimadzu UV-160
spectrophotometer (Kyoto, Japan) and an extinction coefficient of
17.81/(g cm) (Orsd et al., 1997). Before measurement, the samples
were filtered through a glass fibre filter (pore size 1.0 um) and di-
luted with deionized water. It must be pointed out that other
materials in the samples, for example, extractives and carbohy-
drate-derived compounds, also absorb UV light at 280 nm (Song
et al., 2008). This may lead to overestimation of the lignin
concentration.

2.7.3. Hemicelluloses and monosaccharides

The concentration of hemicelluloses was determined after
hydrolysing the polysaccharides to monomeric sugars by acid
hydrolysis, according to the standardized NREL method (Ruiz and
Ehrman, 1996). Before hydrolysing the samples, they were filtered
through a glass fibre filter (pore size 1.0 um). The concentration of
monomeric sugars was then analysed using high-performance an-
ion-exchange chromatography and a pulsed amperometric ED40
electrochemical detector (Dionex, CA, USA). The chromatograph
was equipped with a GP40 gradient pump, an AS50 autosampler

Table 1
Results from the experiments (the streams are denoted as in Fig. 2).
In Permeate Retentate

Stream 1 2 3 4 57 R1 R2 R3 R4
Total solids (wt.%) 051 043 0.40 0.29 0.03 2.10 2.52 10.96 0.49
Suspended matter (g/1) 0.90 0.09 - - - 12.64 3.22 - -
Lignin (g/l) 0.73 0.72 0.72 0.61 0.02 0.62 3.85 14.20 1.14
Hemicelluloses (g/1) 1.15 1.16 0.83 0.07 - 131 11.55 64.18 -
Monosaccharides (g/1) - - 0.04 0.04 n.d. - - - -
Conductivity (mS/cm) 2.0 - 21 2.0 0.2 - - 45 33
Ash (g/l) 1.76 = 1.76 1.70 nd. 1.93 1.79 7.81 3.03
Al (mg/1) 1.49 = = 137 0.03 = = =
Ca (mg/l) 372 = = 322 0.6 = = =
Fe (mg/1) 1.23 = = 222 0.04 = = =
Cl (mgfl) 15.8 = = 142 72 = = =
S04-S (mg/l) 275 = = 312 15 = = =
Purity® (%) 28 28 21 - - 16 52 60

n.d. = Not detectable with amount of sample available.
- = Not analysed.

@ At VR = 50%.

> Hemicellulose concentration/dissolved matter.
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Arabinan | 0.12
Galactan | 0.35
Glucan 0.50
Xylan 0.00
Mannan 1.00

R1
501 201 101 501
1 2 3 5
> ;)F > MF > }JF L\IF >
920 | 8401 1501
Arabinan | 0.09
Galactan | 0.25 301 6101
Glucan 0.34
Xylan 0.03

Mannan 1.00

Fig. 2. Water flows in the process stages and relative amount of saccharides in the various streams of the fractionation process. Stream 1 is the process water, stream 5 the
purified fresh water (NF permeate) and R denotes retentate streams. The total process time was 48:1 h in the DF stage, 23 h in the MF stage, 20 h in the UF stage and 4 h in the

NF stage.

and a Carbo Pac PA10 column (all from Dionex). The injection vol-
ume was 10 p, and deionized water with 2 mM NaOH was used as
eluent, at a flow rate of 1 ml/min. p-Mannose, p-glucose, p-galact-
ose, p-xylose and -arabinose (Fluka Chemie AG, Switzerland) were
used as standards.

Monomeric sugars were analysed before and after acid hydroly-
sis and the oligo- and polysaccharide content was calculated from
the difference in monosaccharide concentration before and after
hydrolysis. Anhydro corrections of 0.9 and 0.88 were used for the
hexoses and pentoses, respectively.

2.7.4. Inorganic ions

The concentration of inorganic cations was determined by
inductively coupled plasma atomic emission spectroscopy (ICP
AES) with a Perkin-Elmer (MA, USA) Optima 3000DV ICP AES
instrument. The concentration of inorganic anions was determined
by ion chromatography with an ion chromatograph, model 861 Ad-
vanced IC (Metrohm, Switzerland) equipped with a Metrosep A
Supp column.

2.7.5. Extractives

The content of extractives was determined by gas chromatogra-
phy (GC) after acid hydrolysis according to the standardized meth-
od SCAN-W 151 XE of the Nordic Standardization Programme, NSP
(SCAN). The analysis was performed using an Agilent Technologies
GC 6890 N gas chromatograph.

3. Results and discussion

The process water was successfully fractionated using the pro-
cess described above. The water flows in each process stage are
shown in Fig. 2. Around 30 | of the filtrate from the drum filtration
was rinsed away, since we had no effective way of removing the
last of the filtrate from the drum filter. Only part of the UF perme-
ate was used in the nanofiltration stage (200 1). The results from
the experiments are given in Table 1.

3.1. Fractionation of substances

Five fractions were obtained in the process. Four streams con-
taining purified and concentrated substances (R1, R2, R3 and R4)
and a purified water stream (stream 5). The major part of the sus-
pended matter was recovered in stream R1 during drum filtration,
about 60% of the hemicelluloses in stream R3 during ultrafiltration,
and most of the lignin and salts in stream R4 during nanofiltration
(see Table 2).

Mass balances for TS, hemicelluloses and lignin over each stage
showed differences between the ingoing and outgoing mass of less
than 10% for all stages except in the NF stage, which indicates that
the results are reliable. Low concentrations in the streams in the NF
stage made the analysis of TS, hemicelluloses, lignin and ash diffi-
cult, since large volumes of sample were needed to obtain a reli-
able result, and only limited amounts of the samples were
available.

The concentration of extractives was measured in the process
water, DF filtrate and MF permeate. The drum filter retains some
of the extractives since the concentration in the drum filter filtrate
is about 20% lower than the concentration in the process water.
The MF permeate only contained a few percent of the ingoing con-
centration (see Table 3), indicating that the remaining extractives
are almost totally retained by the microfiltration membrane. Thus,
stream R2 contains most of the extractives.

Table 2
Recovery as a percentage of the content of the substance in the process water.
Substance/stream DF MF UF NF
retentate retentate retentate retentate
R1 (%) R2 (%) R3 (%) R4 (%)
Suspended 76 8 4 0
matter
Hemicelluloses 6 23 63 0
Lignin 5 12 22 72
Ash 6 2 5 79
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Table 3
Concentration of extractives in the process water, the filtrate from the drum filter and
the MF permeate.

Process water DF filtrate MF permeate
(stream 1) (stream 2) (stream 3)
Saturated fatty acids 5 4 04
(mgfl)
Unsaturated fatty 31 25 0.4
acids (mg/1)
Sterols (mg/l) 8 6 0.1
Resin acids (mg/1) 8 6 04
Total (mg/l) 52 41 13

3.2. Composition of different fractions

The yield of a substance depends not only on the volume reduc-
tion and the retention of this substance in the specific process
stage, but also on the retention and VR in previous stages. Less
hemicelluloses would have been recovered in the MF retentate
(stream R2) if the VR had been higher in the MF stage, for example.
Retention and volume reduction also have considerable impact on
the purity of a fraction. The lignin/hemicellulose ratio in the UF
retentate (stream R3), for example, was 0.56 at VR = 50%, 0.29 at
VR =90% and 0.22 at VR = 99%.

The composition of the process water and the concentrated
fractions is shown in Fig. 3. Suspended matter is the major compo-
nent in the drum filter retentate, hemicelluloses in the MF and UF
retentates, and inorganic substances (ash) in the NF retentate.

3.2.1. Drum filtration

Hemicelluloses, lignin and ash were not retained during drum
filtration. The recovery of these substance in the DF retentate is
therefore only due to the VR in this stage. The volume reduction
during drum filtration was 95%, which means that 95% of hemicel-
luloses, lignin and ash were recovered in the DF filtrate. The DF
retentate has a high content of suspended matter, as shown in
Fig. 3, making it interesting for recycling to the pulping process if
the concentration of extractives is sufficiently low. Further investi-
gations of this fraction would thus be interesting.

3.2.2. Microfiltration

An appreciable amount of hemicelluloses was retained during
MF, which made hemicelluloses the major component in the MF
retentate. Nonetheless, about 75% of the hemicelluloses and 90%
of the lignin in the feed were recovered in the MF permeate. These
values would have been even higher if a higher VR had been used.

3.2.3. Ultrdfiltration

About 95% of the hemicelluloses but only 25% of the lignin in
the feed were recovered in the UF retentate, which means that
hemicelluloses were not only concentrated (final concentration
64 g/1), but also purified, as shown in Fig. 3. Besides a significant
amount of lignin, also low-molar-mass substances, such as mono-
saccharides and inorganic ions, were removed.

The amount of hemicelluloses in the UF retentate in relation to
the dissolved matter was 60%. Higher purities have been reported
in previous investigations of the isolation of GGM from TMP pro-
cess water. However, in these cases additional purification stages
after ultrafiltration were used. Hartman et al. (2006b) obtained a
purity of GGM of about 90% after ultrafiltration with a 1 kDa mem-
brane and diafiltration of the UF retentate. Among the impurities,
lignin was the most abundant. Willfér et al. (2008) report
70-80 mol.% purity of GGM recovered from process water in two
Finnish TMP mills using a combination of different filtration and
ultrafiltration stages followed by spray drying or precipitation in

ethanol. The main impurities were arabinogalactans and pectic
acids. Willfor et al. (2008) made attempts to further purify the
GGM, but this proved to be difficult without losses in yield or sol-
ubility (due to deacetylation). They concluded that obtaining truly
pure GGM, without any aromatic structures or other sugars at-
tached to the backbone, would be extremely difficult.

3.2.4. Nanofiltration

The purpose of the nanofiltration stage is to act as a kind of kid-
ney, rejecting matter that accumulates in pulp mills with closed
process stream recirculation systems. The quality of permeate to
be reused in the mill depends to a large extent on where in the pro-
cess it is to be used. However, carbohydrates are preferentially re-
moved as paper mill bacteria thrive on low-molar-mass
carbohydrates (Willfor et al., 2003a). Reducing the content of inor-
ganic elements reduces the risk of scaling problems in the mill.

The major components in the NF retentate were salt, carbohy-
drates and lignin (or other aromatic compounds detected as lig-
nin). The carbohydrates were efficiently retained by the NF
membrane, and the concentration of inorganic elements was also
markedly lower in the NF permeate than in the process water.
The conductivity was 1/10 and the concentrations of calcium, alu-
minium and iron were about 1/60, 1/50 and 1/30, for example.

3.3. Composition of carbohydrates in all streams

The composition of the carbohydrate content in the various
streams differs, as shown in Fig. 2, although it is similar in the pro-
cess water (stream 1), the DF filtrate (stream 2) and the MF perme-
ate (stream 3). The DF retentate (stream R1), the MF retentate
(stream R2) and the UF permeate (stream 4) contain higher
amounts of galactan and glucan than the other streams. The rela-
tive amount of all saccharides, except mannan, is higher in the
UF permeate, because GGM are preferentially retained in the UF
stage.

Willfor et al. (2003b) showed that mainly GGM are released
from both wood and pulp, but also a surprisingly large amount
of arabinans, originating from arabinogalactan, and minor amounts
of pectins and xylans. Variations in sugar content composition are
therefore presumably due to varying degrees of retention of GGM
and, for example, arabinogalactan, in each process stage. The sac-
charide composition of the process water was 59% mannan, 20%
glucan, 14% galactan, 5% arabinan and 2% xylan. The corresponding
values for the UF retentate were 68% mannan, 18% glucan, 11%
galactan, 2% arabinan and 0% xylan. The ratio Man/Glc/Gal was
3.7:1:0.6 in the UF retentate, which is similar to the results of
Willfér et al. (2003b, 2008).

3.4. Performance of each process stage

3.4.1. Drum filtration

The objective of the drum filtration stage is to remove particles
and fines that would otherwise block the flow channels in the
membrane elements in the subsequent process stages. The content
of suspended matter was effectively lowered. Only 10% of the sus-
pended matter remained in the filtrate (stream 2).

The maximum filtration flow was measured and found to be
about 31 I/min. As the concentration of solids in the concentrate
increased, the filtration flow decreased. A mean value of 29 I/min
was calculated, which corresponds to approximately 2 m*/m? h.

3.4.2. Microfiltration

The spiral-wound membranes used in the ultrafiltration stage
are susceptible to blocking by particles and suspended matter. Pre-
filtration of the feed down to 25-50 um is recommended for a 45-
mil spacer channel (Cheryan, 1998). The aim of the microfiltration
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Fig. 3. Composition of total solids content in the streams from the four process stages. The compounds (clockwise) are: hemicelluloses (monosaccharides in case of the NF
retentate), lignin (measured as UV absorbance at 280 nm), suspended matter, salt (measured as ash) and other, non-identified compounds.
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stage was thus to produce a permeate suitable as the feed to spiral-
wound modules and, at the same time, isolate the extractives in
the retentate.

The flux was high and relatively stable during semi-batch oper-
ation mode, and decreased rapidly during batch concentration, as
shown in Fig. 4a. The average flux during semi-batch operation
was 330 1/m? h and for the total process 300 I/m? h.

The relatively stable flux during semi-batch operation indicates
that no significant fouling took place. Furthermore, the flux was
successfully recovered after cleaning.

MF was stopped at a volume recovery of 98%, since the volume
in the feed tank was too small to keep the temperature constant at
this point. An even higher VR could have been achieved if the initial
volume had been bigger since the flux was still high when filtration
was discontinued.

A high concentration of hemicelluloses in the feed solution to
the ultrafiltration stage (stream 3) is beneficial, as a smaller
amount of water needs to be removed to reach the predetermined
concentration of hemicelluloses in the final product. Low retention
of hemicelluloses during microfiltration is thus advantageous.
However, the retention was rather high. The initial retention was
55% and the final retention 90%. The high retention of hemicellu-
loses during microfiltration leads to a decrease in concentration
from 1.2 g/l in the feed solution to 0.8 g/l in the permeate. Increas-
ing the VR would increase the concentration of hemicelluloses in
the permeate, as shown in Fig. 4b.

The high retention of hemicelluloses is unexpected as hemicel-
luloses are normally small enough to pass through MF membranes.
The reason may be that the hemicelluloses are bound to the solid
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Fig. 4. (a) Permeate flux (4) and volume reduction (—) during microfiltration. (b)
Concentration of hemicelluloses in the total permeate (O) as a function of volume
reduction during microfiltration.
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material or entrapped in the filter cake formed by retained solids
on the membrane. The hypothesis about adsorption is strengthen
by the observation by Willfor et al. (2003a) that GGM can act as
emulsion stabilizers of pitch droplets and that arabinan can be
linked to lignin in lignin-carbohydrate complexes (Willfor et al.,
2003b).

3.4.3. Ultrafiltration

The aim of the ultrafiltration stage is to concentrate and purify
GGM. A high concentration of hemicelluloses (64 g/1) was obtained.
However, due to the low concentration in the feed, a high volume
reduction (99%) was needed to achieve this concentration. The
retention was high and increased during concentration (from 93%
to 99%).

The relative amount of hemicelluloses was much higher in the
UF retentate (stream R3) than in the process water, as shown in
Fig. 3. Salt was the major substance in the UF permeate (4). Hemi-
celluloses only represent a minor amount of the total solids con-
tent of this stream. Suspended matter and extractives are
removed in the first two stages (drum filtration and microfiltra-
tion), and were thus not present in the following streams (i.e.,
stream 3, 4, etc.).

The flux as a function of hemicellulose concentration is shown
in Fig. 5. The initial content of hemicelluloses was 0.8 g/, 3.6 g/l
at the end of semi-batch operation (VR = 80%), 9.7 g/l at VR = 95%
and 64.2 g/l at the end of the run (VR = 99%). The classical gel mod-
el (which predicts a linear relationship between flux and log con-
centration) cannot be directly applied in this case. The flux
decrease levels off with increasing concentration, as can be seen
in the figure. This could be due to changes in fouling when switch-
ing from semi-batch to batch mode.

The flux decreased drastically during the experiment, as can be
seen in Fig. 6a. The mean flux observed to achieve a hemicellulose
concentration of 33 g/l was 60 1/m? h, and a flux of 58 1/m? h was
measured to reach 64 g/l. The flux decrease during semi-batch
operation is in marked contrast to the stable flux during microfil-
tration. This flux decrease seems to be due to fouling and not to
an increase in concentration, since the concentration did not in-
crease drastically until after VR ~ 95%. The pure water flux could
not be recovered by cleaning after the experimental run using
the alkaline cleaning agent Ultrasil 10 or the acidic cleaning agent
Ultrasil 70 (Henkel Chemicals Ltd., Germany). Cleaning with Ultra-
sil 10 was successful in a previous study (Persson, 2009). However,
the final volume reduction was higher in this study and severe
fouling was observed at the end of the volume reduction. It is well
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Fig. 6. Permeate flux (¢) and volume reduction (—) as a function of time during (a)
ultrafiltration and (b) nanofiltration.

known that the degree of fouling and hardship of cleaning are clo-
sely related. In a commercial plant cleaning would be initiated
when flux had decreased to a certain, predetermined level, thereby
avoiding too severe fouling of the membrane.

3.4.4. Nanofiltration

A volume reduction of 76% was achieved. The retention of ions,
measured as the conductivity, was 85-94%. The concentration of
carbohydrates in the permeate was below the detection limit.
The permeate at a VR of 50% was of good quality with low ion con-
centrations. However, the concentration of ions in the permeate in-
creased significantly at a volume reduction of 76%, as can be seen
from Table 4.

Table 4

Characteristics of the feed, permeates at VR=50% and 76%, and the retentate at
VR = 76%, in the nanofiltration stage. SO4-S is the concentration of sulphur in the form
of sulphate.

Feed Permeate at Permeate at Retentate at

VR =50% VR =76% VR =76%
Lignin (g/1) 061 003 0.29 2.08
Carbohydrates  0.12 n.d. 0.02 0.32
(g/l)
Conductivity 20 0.2 0.7 5.0
(mS/cm)
Al (mg/l) 137 003 0.56 442
Ca (mg/l) 322 06 124 127.6
Fe (mg/1) 222 0.04 0.97 7.09
Cl (mgfl) 142 72 7.2 282
S0,4-S (mgfl) 312 15 152 835

Furthermore, the concentration of ions in the retentate at a VR
of 76% reached levels at which there is a risk of scaling and gypsum
formation. The solubility of gypsum is 2.05 g/l (Lide, 2008). The
concentration at the membrane surface is markedly higher than
in the bulk solution due to concentration polarization and, there-
fore, it would be wise to not exceed VR 50-60% in an industrial
application.

The flux decreased steadily and was very low at the end of the
concentration run, as can be seen in Fig. 6b. The average flux until a
VR of 50% was reached was 63 1/m? h and when a VR of 76% was
reached 27 I/m? h.

4. Conclusions

It has been shown that process water in thermomechanical pulp
mills can be fractionated into several potentially valuable products.
In the drum filtration stage, 90% of the suspended solids were re-
moved. In the subsequent MF stage, the remaining solids and the
extractives were removed. A concentrated and purified hemicellu-
lose solution was separated in the UF stage. In the NF stage, puri-
fied water of fresh water quality could be produced. The
proposed method was successfully operated at conditions closely
resembling industrial conditions by treating a large volume of pro-
cess water and running the process stages back-to-back.
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Several valuable substances are released from wood during the production of thermomechanical pulp.
These substances can be isolated and purified for use as value-added chemicals. The hemicellulose galac-
toglucomannan (GGM) has attracted a great deal of interest because of its possible applications as an
oxygen barrier film in packaging materials, as a hydrogel in biomedical products and as an emulsion
stabilizer in food and feed. In order to exploit GGM in pulp mill process water, it must be recovered at a
high concentration and high purity. The first step in the purification process is the separation of GGM and
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ing on membrane performance during the microfiltration of thermomechanical pulp process water was
investigated. The flux of 0.4 and 0.8 wm membranes was lower than the flux of a 0.2 um membrane, and
it was not possible to recover the pure water flux of the 0.4 and 0.8 um membranes. Increased cross-flow
velocity and backpulsing had a positive effect on the flux, but only a minor influence on the retention. The
mean molecular mass of GGM in the process water was 9 kg/mol. The retention was therefore expected
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to be <10%. However, the retention of GGM was >50%, irrespective of the operating conditions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Various substances are released and dissolved in the process
streams during the production of thermomechanical pulp (TMP).
Much of the material released ends up in the waste water, leading
to costly treatment. The removal of substances in the process water
will reduce the load on the waste water treatment plant thereby
reducing this cost. At the same time, the recovered substances can
be utilized as renewable sources of, for example, specialty chemi-
cals and biofuels. In this connection, hemicelluloses have attracted
much interest[1-6]. Galactoglucomannan (GGM) is the main hemi-
cellulose in Norway spruce (Picea abies), the most common raw
material used in TMP mills in the Nordic countries.

Several processes for the removal and separation of dispersed
and dissolved substances in TMP process water have been pre-
sented. In a patent published in 2002 Sundberg et al. [7] describe
a method for recovering non-fibrous substances including wood
resins, water soluble aromatic compounds, salts and GGM from
wood material being processed in a mechanical pulping process.
Their method consists of four stages and is applicable on dif-
ferent process streams including TMP process water. Fibers and
larger particles are first removed by pressing or filtration. Filtra-

* Corresponding author. Tel.: +46 46 222 8291; fax: +46 46 222 4526.
E-mail address: ann-sofi.jonsson@chemeng.lth.se (A.-S. Jénsson).

1383-5866/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.seppur.2011.03.009

tion, flotation, centrifugation or extraction is suggested in a second
stage to separate non-soluble colloidal wood resins. Aromatic com-
pounds may be separated in a third stage utilizing adsorbents,
aromatic exchange resin, chromatography or membrane filtration
processes. Finally dialysis or reverse osmosis is suggested in order
to separate salts and GGM. Willfor et al. [8] used one type of this
method in a recent study, in which they recovered GGM from
mechanical pulp at a yield of 5kg/ton pulp and a purity of 95%.
Colloidal material, primarily resins and microfines, were removed
after aggregation with a cationic polymer. Aromatic substances
were adsorbed onto a polyacrylate resin, and GGM was concen-
trated and purified by ultrafiltration (UF), with possible further
purification by precipitation in ethanol. Persson et al. [9] have
presented a method based entirely on filtration and membrane fil-
tration. In this process, dispersed substances and colloidal material,
primarily resins, are removed by drum filtration (DF) and microfil-
tration (MF). GGM is concentrated and separated from aromatic
substances, primarily lignin, by UF. Finally, lignin is recovered by
nanofiltration.

A common observed problem in the methods presented above
is the loss of desired products such as GGM during processing.
Willfor et al. [8] report in their study a loss of GGM of about 30%
when using aggregation and adsorption before GGM recovery. The
alternative use of microflotation suggested by Sundberg et al. [7]
was also found to be accompanied with substantial GGM losses
and had furthermore an undesired low efficiency of removing col-
loidal wood resins [8]. Persson et al. [9] observed an unexpectedly
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high amount of GGM to be removed together with the dispersed
substances during the MF stage in their method.

Previous work done in this field show that several promising
methods to recover valuable substances in TMP process water exist.
Furthermore, the various substances found in TMP process water
have been extensively studied [10-17] providing the basic infor-
mation on their properties required for a successful separation.
However, we still lack information on how these existing meth-
ods should be operated in the most optimal way in order to reduce
losses during processing. This work is focused on the use of MF
as a potential method for separation of dispersed substances and
GGM. Even though Persson et al. [9] used MF in their work for this
purpose, so far no study has been presented in which this method
has been investigated in detail on TMP process water. The aim of
this work was to evaluate the MF technique and determine suitable
operation conditions to realize highest possible recovery of GGM
in the MF permeate. Several operating conditions including the use
of backpulsing were studied in this work.

2. Theory

The observed retention of a membrane is defined as:

G
R0b5=1—£ (1)

where G, and G, are the concentrations in the permeate and the

bulk of the feed. If a sieving mechanism is assumed to be the preva-
lent retention mechanism, the true retention is given by:

2
1% _ dp
R[me_l—a_1—<l—d—) @
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where Cp, is the concentration at the membrane surface on the feed
side of the membrane, dj, is the hydrodynamic diameter of the sub-
stance and d,, the pore diameter. The diameter of a rigid spherical
substances is given by:

6M; \1/*
d:( s ) 3
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where M; is the molecular mass of the substance, N4 is Avogadro’s
number, and ps the density of the substance (often approximated
by the density of water).

The intrinsic viscosity [1] can be used to calculate the hydro-
dynamic volume of the solute from the molecular mass as ([1]-Ms)
is proportional to the hydrodynamic volume of the solute. Meire-
les et al. [18] used this relation to estimate the sieving coefficients
of UF and MF membranes. The intrinsic viscosity of polyethylene
glycol (PEG) was calculated using the empirical correlation:

[7] =4.9-1072.(1000 - M;)*-672 (4)

Hence, the hydrodynamic diameter of PEG, used for calibration
during size-exclusion chromatography (SEC) in this study, is given
by:

6M. \1/3

_ 10-2. ML0672 s
dy = (4.9 107 - (1000 - M) NAnps) (5)

The hydrodynamic volume, rather than the molecular mass,
determines the separation during SEC. It is therefore relevant to
use the hydrodynamic diameter of PEG to calculate the size of GGM,
when calculating the true retention during MF.

3. Materials and methods
3.1. Raw material

The process water used in the investigation was withdrawn
from the disc filters after the refiners ata TMP mill located in central
Sweden. In the pulp mill this stream is recirculated before discharg-
ing it into the sewage system. The pulp mill uses softwood (mainly
spruce) as raw material. Process water was withdrawn on seven
occasions over a period of one year. About 1 m? of process water
was withdrawn on each sampling occasion, and immediately trans-
ported to our department. The temperature of the process water at
the mill is 80 °C and the pH about 4.2.

3.2. Pretreatment

Directly after receiving the process water from the pulp mill,
coarse material that would block the feed channels in the MF mem-
brane modules was removed, either using DF or a 1 mm mesh. The
filtration area of the drum filter (HDF802-1F, Hydrotech AB, Vel-
linge, Sweden) was 0.9 m2. The most dense filter cloth available,
with a pore size of 10 wm, was used. During DF the solid mate-
rial formed a filter cake on the filter cloth. This solid material was
removed from the cloth by spraying filtrate onto the reverse side.
The concentrate stream was recycled to the feed tank, while the
filtrate was continuously withdrawn and subsequently treated by
MF.

3.3. Microfiltration

MF was performed in two bench-scale units equipped with
tubular ceramic membranes made of alumina oxide (Atech Inno-
vations GmbH, Gladbeck, Germany). Unit [ was equipped with a
single-feed-channel, 0.2 wm membrane with an area of 0.0047 m?
(length 0.25m) and Unit II with a 7-channel membrane element
with an area of 0.13 m? (length 1.0 m). Membrane elements with
pore sizes 0f 0.2,0.4 and 0.8 um were used in this unit. The diameter
of the feed channels of all the membranes was 6 mm. Both retentate
and permeate were recirculated to the feed tank in all experiments
to maintain a constant concentration during the experiment. All
data from the instruments were recorded in a computer using Lab-
View software (National Instruments Corp., Austin, TX).

Unit [ was equipped with a 51 feed tank and a magnetic gear
pump (MDG-M4T68220H, Iwaki Co. Ltd., Tokyo, Japan). The pres-
sure drop along the feed channel in the membrane can be neglected
as the length of the membrane was so short. Pressure was therefore
only measured at the outlet of the membrane and on the perme-
ate side, using Jumo 4 AP-30-020/064 pressure transmitters (Jumo
AB, Helsingborg, Sweden). A valve on the permeate side was used
to regulate the transmembrane pressure. The feed flow was mea-
sured with a rotameter and the permeate flow was measured with
a PhaseSep flow meter (Phase Separations Ltd., Queensferry, UK).
The temperature in the feed tank was measured with a Pt100 ele-
ment. The retention of GGM in process water, with and without
pH adjustment, the retention of GGM in DF filtrate, and the reten-
tion of PEG with different molecular masses was studied in Unit I.
The pH of the process water was adjusted using sodium hydrox-
ide solution (NaOH 50 wt%, Merck KGaA, Darmstadt, Germany).
The NaOH addition was very small compared to the total feed vol-
ume, so that dilution due to pH adjustment could be neglected.
Experiments with 5 g/l PEG in deionized water were performed at
50°C, since PEG melts at temperatures above 53 °C, according to
the manufacturer.

Unit Il was equipped with a backpulse device, as illustrated in
Fig. 1. A2001 feed tank, equipped with an electric heater, was con-
nected via two frequency-regulated pumps to a M1 membrane
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Fig. 1. Schematic illustration of Unit II. V are valves used to adjust the trans-
membrane pressure on the retentate and permeate side, respectively, P: pressure
transmitters, F: flow indicator, T: temperature indicator, 1: feed pump and 2: circu-
lation pump.

module (Atech). The first pump (H/G-25-X, Wanner Engineering
Inc., Minneapolis, MN) was used as the feed pump, and the second
pump (NB32/25-20, ABS Pump Production, Mélndal, Sweden) as a
circulation pump. A backpulse device (BF100, Pall Corp., Port Wash-
ington, NY) was connected to the permeate port of the M1 module.
This device uses an air-driven piston to provide rapid backpuls-
ing. Pressure transmitters (dTrans p02, JumoAB) were installed at
the inlet and outlet of the membrane module and on the permeate
side. The feed flow was measured with a volume flow meter (Fis-
cher&Porter Co. Ltd., Gottingen, Germany), and the permeate flow
was measured gravimetrically with a balance. The temperature in
the feed tank was measured with a Pt100 element.

The transmembrane pressure was calculated from the relation:

Py + Pout
2
where Pj, and Py are the pressures at the inlet and outlet of the
membrane module, and P, is the pressure on the permeate side of
the membrane. The transmembrane pressure was varied by regu-
lating the speed of the circulation pump and adjusting the valves

(see Fig. 1).

The influence of pore size, cross-flow velocity and backpulsing
was studied in Unit II. The performance of membranes with pore
sizes 0f 0.2, 0.4 and 0.8 wm was investigated. The influence of cross-
flow velocity during MF with a 0.2 pm membrane was studied at 3
and 5 m/s. The forward filtration time (the time between two back-
pulses) and the backpulse duration were varied according to the
scheme in Table 1 when studying the influence of backpulsing. The
backpulsing experiments were performed at 80°C and 1.1 bar. The
reinjection volume per backpulse was 0.11 and the backpressure
in the backpulse device was 9 bar. The flux and retention without
backpulsing were used to calculate normalized values of flux and
retention during backpulsing.

The same starting procedure was used for all experiments per-
formed in Unit II. The membrane was cleaned before and after
filtration of process water by circulating a solution of the alkaline

P = -Pp (6)

Table 1
Parametric values used in the backpulsing study.

Cross-flow velocity (m/s)
5

Forward filtration time (s) Backpulse duration (s)

0.25,0.35
0.25,0.35
0.25,0.35

ithout backpulsing
0.25,0.35
0.25,0.35
0.25,0.35

w
sun o=

ithout backpulsing

cleaning agent Ultrasil 10 (Ecolab AB, Alvsj6, Sweden) at a con-
centration of 0.5 wt% and a temperature of 50°C for 60 min. After
cleaning, the system was rinsed thoroughly with deionized water.
About 1701 of pretreated TMP process water was circulated in the
system at the cross-flow velocity used in the specific experiment.
The permeate valve was closed during heating of the process water
to the operating temperature. The permeate valve was then opened
and the transmembrane pressure adjusted. Flux was recorded
for 30 min (cross-flow velocity and backpulsing experiments) or
60 min (pore size experiments) before samples of retentate and
permeate were withdrawn.
The same starting and cleaning procedure was used in Unit L.

3.4. Analysis

The concentrations of total solids and ash were determined
according to standardized NREL methods [19,20]. To determine the
concentration of suspended solids (SS), a sample of known volume
was filtered through a weighed 1.0 wm glass fiber filter (Grade GF/B,
Whatman Int. Ltd., Maidstone, UK). The filter was dried to constant
weight at 105 °C, and the mass of the filter cake was determined.
The concentration of SS was then calculated as the mass of the filter
cake divided by the sample volume.

The size distribution of particles in the process water was
measured by laser diffraction with a HELOS/LA system (Sym-
patec GmbH, Clausthal-Zellerfeld, Germany). The system uses a
HeNe laser with a wavelength of 632.8 nm for the illumination
of the particles. A Fourier lens directs the diffracted light onto a
multi-element photodetector, which measures the intensity and
distribution of the light. The intensity of the light is converted into
an electrical signal and a computer program converts the data into
a particle size distribution. The system is capable of detecting par-
ticles in the size range 0.9-875 pm.

SEC was used to determine the molecular mass distribution of
polysaccharides, GGM and lignin. A liquid chromatography system
(Waters 600E, Waters Corp., Milford, MA) was used, consisting of
an autosampler (model 717plus, Waters), a column, an absorbance
detector (model 486, Waters) and a refractive index (RI) detector
(model 410, Waters). Absorbance was measured at a wavelength
of 280 nm. The column was packed with 30 cm of Superdex 30 and
30 cm of Superdex 200 (GE Healthcare, Uppsala, Sweden). Samples
containing particles were filtered through a 1.0 wm glass fiber fil-
ter prior to injection into the column. The injection volume was
1500 wl. As eluent, a 125 mM sodium hydroxide solution was used
at a flow rate of 1 ml/min. The system was calibrated with PEG stan-
dards having peak molecular masses of 0.4, 4, 10 (Merck Schuchardt
OHG, Hohenbrunn, Germany) and 40 kg/mol (Serva Electrophoresis
GmbH, Heidelberg, Germany). The mean molecular mass distribu-
tion was determined by collecting nine fractions, for a period of
10 min each, starting at an elution time of 29 min and ending at
119 min, and analyzing the concentration of polysaccharides and
lignin in each fraction.

The concentration of polysaccharides was determined by first
hydrolyzing the polymers to monomeric sugars and then ana-
lyzing the monosaccharide concentration using high-performance
anion-exchange chromatography coupled with pulsed ampero-
metric detection. Acid hydrolysis was performed according to the
standardized NREL method [21]. An ion chromatography system
(ICS-3000, Dionex Corp., Sunnyvale, CA), equipped with a Carbo Pac
PA 1 analytical column and an ED40 electrochemical detector, was
used to determine the monosaccharide concentration. A solution
of 200 mM sodium hydroxide dissolved in 170 mM sodium acetate
was used to clean the column. Deionized water was used as elu-
ent at a flow rate of 1 ml/min. The sample injection volume was
10 pl. The monomeric sugars D-glucose, D-galactose, D-mannose,
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Table 2
Concentration of substances in TMP process water withdrawn after the refiner.
TS SS Lignin Ash Resins
Concentration (g/1) 56+05 1.16£0.5 1.33+0.03 0.86:0.03 1.96+0.2 0.051:0.0004
Number of batches analyzed 2 6 7 6 2 2
TS = total solids, SS=suspended solids, PS = polysaccharides.
D-xylose, and L-arabinose (Fluka Chemie AG, Buchs, Switzerland) 700 1.4
were used as standards. 600 | 112
Absorbance was measured at a wavelength of 280nm with =
a spectrophotometer (UV-160, Shimadzu Corp., Kyoto, Japan). E 500 - 410 n<,
The apparent concentration of lignin was calculated from the 400 - dos @
. . . . n o
absorbance using an extinction coefficient of 17.81/(gcm) [11]. S 068
Samples containing particulate material were filtered through a oS 3001 1 %
1.0 m glass fiber filter before the measurements. £ 200 104 @
The concentration of wood resins was determined using a x 100 - Jo2 &
standardized method (SCAN-W 151 XE, method A) of the Nordic
Standardization Programme [22]. A gas chromatograph (GC 6890 00 B 01 = 1 0 e 103'0

N, Agilent Technologies, Santa Clara, CA) was used for identification
and quantification of the wood resins.

The concentration of PEG was determined by measuring the
chemical oxygen demand (COD) with a COD cuvette test (LCK 114)
and an ISIS 9000 MDA photometer (Hach Lange GmbH, Diisseldorf,
Germany). The concentrations were used to calculate the observed
retention of PEG using Eq. (1).

4. Results and discussion
4.1. Composition of the process water

The total solids content of the process water was rather low,
only 0.5-0.6 wt%. The concentrations of the main substances in the
process water are listed in Table 2. The variation in concentration
and composition during the sampling time was relatively modest,
as can be seen from the table.

The SS in the process water consisted mainly of short fibers and
wood fines that pass through the screens used in the dewatering
stage of the TMP process. The particles in the process water had a
broad size distribution, ranging from 0.9 to 735 wm; the main part
being around 40 pm.

D-Mannose, D-glucose, and D-galactose, and low concentrations
of L-arabinose and p-xylose were found after acid hydrolysis of the
process water. The predominant hemicelluloses in softwood are
GGM, arabinoglucuronoxylan (AGX) and arabinogalactan (AG) [23].
The monomeric sugar ratio mannose:glucose:galactose in GGM is
typically around 3:1:0.5; the ratio xylose:glucuronic acid:arabinose
in AGX around 10:2:1.3 and the ratio galactose:arabinose in AG
around 6:1 [23]. By assuming these ratios for the hemicelluloses
present in the process water the concentration of GGM, AGX
and AG can be estimated from the monomeric sugar concentra-
tions after acid hydrolysis to approximately 1.04 g/, 0.05 g/l and
0.12 g/l, respectively. In addition to hemicelluloses, softwood con-
tains minor amounts of other polysaccharides, the main ones being
starch and pectic substances. Thus, starch and pectic substances
may account for a minor part of the total polysaccharide concen-
tration in the process water.

The molecular mass distribution of carbohydrates and lignin
was determined by SEC. The number-averaged (M;) and weight-
averaged (M) molecular mass and polydispersity (My /M) of
carbohydrates (measured as RI response) were 7 kg/mol, 26 kg/mol
and 3.7, respectively. The corresponding values for lignin (mea-
sured as UV absorbance) were 1kg/mol, 2 kg/mol and 1.9. The
molecular mass distribution of carbohydrates and lignin is shown
in Fig. 2.

Molecular mass (kg/mol)

Fig. 2. Chromatographs from SEC analysis of TMP process water. Carbohydrates
were detected by an RI detector (solid line) and lignin by the absorbance of UV light
at 280 nm (dashed line). PEG standards were used for calibration.

The mean molecular mass of polysaccharides, GGM and lignin
was determined by analyzing the concentration of sugars and lignin
in nine SEC fractions. The molecular mass of a fraction is defined as
the average of the highest and lowest molecular mass of PEG in the
fraction. The cumulative distributions are shown in Fig. 3. The mean
molecular masses of GGM and lignin were 9 kg/mol and 0.5 kg/mol,
respectively.

The SEC fractions containing polysaccharides with molecular
masses greater than 7.7 kg/mol were composed of b-mannose, D-
glucose, and p-galactose, with a sugar unit ratio of about 3:1:0.5,
which is representative of GGM [23,24]. Hence, the second RI peak
in Fig. 2 represents high-molecular-mass GGM. The first RI peak in
Fig. 2 indicates the presence of small saccharides in the process
water. Saccharides with a molecular mass below 1kg/mol con-
tained very little, or no p-mannose subunits, but consisted mainly of
subunits such as p-glucose, b-galactose, and L-arabinose; probably
residues of pectic substances, starch and arabinogalactans. About
60-80% of the polysaccharides in the size range 1.0-7.7 kg/mol
were GGM.

100 T I/y—uazﬂ
—Id— Lignin 4

75 —&—PS
—— GGM

50

Cumulative distribution (%)

i i
0 0.1 1 10 100
Molecular mass (kg/mol)

Fig. 3. Molecular mass distribution of lignin, polysaccharides (PS) and galactoglu-
comannan (GGM) in TMP process water determined by fractionation using SEC and
analysis of the contents of lignin and sugar in each fraction.
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Fig. 4. Influence of membrane pore size on flux during microfiltration of TMP
process water. The process water was filtered through a 1 mm mesh before micro-
filtration.

4.2. Influence of membrane pore size

The performance of the three MF membranes with pore sizes
of 0.2, 0.4 and 0.8 wm was investigated in Unit Il. The transmem-
brane pressure was 0.5 bar, the cross-flow velocity 4 m/s, and the
temperature 80°C.

The flux decline when treating the process water increased with
increasing pore size, as shown in Fig. 4. The higher flux decline of
the membranes with the larger pore size is probably due to more
severe blocking of the pores in these membranes [25]. In addition to
the lower flux, fouling of the 0.4 and 0.8 wm membranes was irre-
versible. The pure water flux of the membranes was not recovered
even after several cleaning cycles. Membranes with 0.2 um pores
were therefore used in the following studies.

The retention of SS was 100%, and the retention of lignin was
14%, 15% and 11% for the 0.2, 0.4, and 0.8 wum membranes, respec-
tively. The retention of hemicelluloses was considerably higher
than expected. The hydrodynamic diameter of GGM with a molecu-
lar mass of 9 kg/mol is 9 nm, according to Eq. (5). The true retention
(see Eq. (2)) of the 0.2 wm membrane would thus be <10%, whereas
the observed retention of the 0.2, 0.4 and 0.8 um membranes was
51%, 35% and 28%. The observed retention is always lower than the
true retention because Cp > Cp,.

The observed retention of PEG4 and PEG40, which were used for
calibration of the molecular mass of hemicelluloses during SEC, was
measured for the 0.2 um membrane in Unit I. The transmembrane
pressure was 0.5 bar and the cross-flow velocity 2 m/s. Retention for
PEG4 and PEG40 was 0.5% and 6%, respectively and in agreement
with the specifications of the membrane. This confirms that the
high retention of hemicelluloses during MF of process water is not
due to the size of hemicelluloses.

4.3. Influence of particle size and pH

Retention is known to increase when a cake layer is formed on
the membrane surface. Particle size, as well as thickness and den-
sity of the cake layer, influence the retention. Furthermore, pH of
the feed can influence retention since it has an effect on solute
solubility and on interaction between solutes and the membrane.
In order to study the influence of cake formation and pH, process
water, pH adjusted process water and DF filtrate were microfiltered
in Unit I. The transmembrane pressure was 0.3 bar, the cross-flow
velocity 1.5m/s, and the temperature 50 °C.

If the SS form a cake layer on the membrane, GGM can be
retained by this layer. In order to reduce the amount of SS that could
form a cake, DF was performed with a 10 wm filter cloth. About 90%
of the SS were removed from the process water during DF, while
the retention of GGM and lignin was insignificant. Not only the con-
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Fig. 5. Distribution of particle sizes in TMP process water and in drum filtration (DF)
filtrate.

centration of SS was decreased during DF (from 1.16 g/ to 0.13 g/1),
but also the particles in the DF filtrate were considerably smaller
than in the original process water, as can be seen in Fig. 5.

Surprisingly, the retention of GGM was higher during MF of DF
filtrate, despite the fact that the concentration of SS was consid-
erably lower. The retention of GGM was about 44% during MF of
process water, and about 50% during MF of DF filtrate. The flux
during MF was higher for the process water than the DF filtrate, as
shown in Fig. 6. This is probably due to the formation of a denser
cake layer on the membrane surface when treating DF filtrate con-
taining smaller particles. A denser cake layer might also explain the
somewhat higher retention of GGM during MF of DF filtrate.

The pH of the process water at the pulp mill is 4.2. The influence
of pH was studied by adjusting the pH with NaOH to pH 6. The
retention was about 44% for both the original and the pH adjusted
process water. No significant difference in flux was observed, as
shown in Fig. 6.

In spite of the negative influence on membrane performance
during MF, DF will probably be needed as a form of pretreatment
when concentrating process water. DF was therefore used in sub-
sequent studies.

4.4. Influence of cross-flow velocity

Operating at high cross-flow velocity is a common way of reduc-
ing the influence of a cake layer on membrane performance. At high
cross-flow velocity the thickness of the cake layer is decreased due
to the increased shear rate on the membrane surface, in most cases
resulting in higher fluxes and better separation.

A study of the influence of cross-flow velocity was performed
in Unit II at 80°C. The experiment was begun at 5m/s (Re 84,700)
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Fig. 6. Flux during microfiltration of process water (pH 4.2), pH adjusted process
water (pH 6) and drum filtration (DF) filtrate with a 0.2 m membrane.
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and 0.3 bar. The transmembrane pressure was increased in steps of
0.2 bar up to 1.1 bar. The same procedure was repeated at 3 m/s (Re
50,800).

Increasing the cross-flow velocity did indeed have a positive
effect on the flux, as shown in Fig. 7. At 5 m/s the flux still increased
with increasing pressure in the pressure interval studied. In con-
trast, the shear rate at 3 m/s was not sufficient to prevent suspended
particles forming a cake layer that caused the flux to level off at only
0.5 bar.

The observed retention of hemicelluloses was high, irrespective
of the cross-flow velocity. A slight decrease in the retention with
increasing pressure was noticed at 3 m/s, but the retention was still
>60%.

4.5. Influence of backpulsing

In order to make use of the cake-reducing effect of backpulsing,
itis important to optimize the system. The backpulsing parameters
studied in this investigation were pulse length and forward filtra-
tion time (the time between two pulses), as both are known to have
a considerable influence on backpulsing efficiency [26-28]. The
transmembrane pressure was 1.1 bar and the temperature 80°C
during the experiment, which was carried out in Unit II. With-
out backpulsing, the flux was 3001/m2 h at 3m/s and 4801/m2h
at 5m/s. The retention was 59% at 3 m/s and 64% at 5m/s.

The normalized flux and retention of hemicelluloses at various
values of forward filtration time and backpulse duration can be
seen in Fig. 8. Backpulsing had a positive effect on both flux and
retention at 3 m/s, whereas the effect was insignificant, or even
negative, at 5 m/s. The positive effect of backpulsing at 3 m/s is due
to the presence of a cake that reduces the flux during MF without
backpulsing at 3 m/s, as can be seen in Fig. 7. At 5m/s the influence
of the cake is of minor importance, and hence, the positive effect of
backpulsing is less.

Closing the permeate valve during backpulsing decreases the
total time of forward permeate flow, which in turn decreases the
average flux. Longer forward filtration time and pulse duration
increase the negative effect on average flux. The negative effect
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Fig. 7. Influence of cross-flow velocity and transmembrane pressure on flux and
observed retention of hemicelluloses during microfiltration of TMP process water
with a 0.2 um membrane. The process water was drum filtered before the experi-
ment.

of too long a pulse duration at 5 m/s can be seen in Fig. 8c. Almost
40% higher flux was obtained during backpulsing at 3 m/s compared
to conventional MF. However, the retention of hemicelluloses was
only reduced from 59% to 50%.

a 16 b 16
L 1 L 1
14 - § 14
x c
2 % 1.2F 3
3 Z 5mis
N ® 10—~ ;;;;")C - —]
© N
5 Tosf o w1
z <]
Zz 06 B
0.4 I I I I
01 2 3 4 5 6
Forward filtration time (s)
[ d e
c
2 141 B
x c
[}
2 B 12f B
3 5mis
2 E 1.0 — e —]
8 T
= 0.8 B
5 g 3mis
0.6 - 1 Z 06 B
0.4 L 1 L 04 L | L
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

Pulse duration (s)

Pulse duration (s)

Fig. 8. Influence of forward filtration time and pulse duration on normalized flux and normalized hemicellulose retention during MF of TMP process water with a 0.2 pum
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The limited influence of cross-flow velocity and backpulsing on
the retention of hemicelluloses indicates that it is not cake fil-
tration that causes the high retention during MF of TMP process
water. Another possible fouling mechanism that can reduce reten-
tion is continuous blocking of the membrane pores by foulants (e.g.
extractives and lignin) deposited on the pore walls. Adsorption of
extractives and lignin on solid surfaces will be studied by means of
ellipsometry.

5. Conclusions

TMP waste water contains substances of various sizes: short
fibers and fines >1 wm, colloidal wood resins 0.1-1 pm, GGM with
a mean molecular mass of 9kg/mol (d, 9nm), and lignin with a
mean molecular mass of 0.5kg/mol (2 nm). Dispersed substances
were retained by a 0.2 um membrane, while the retention of lignin
was low, <15%. However, the retention of GGM was high (>50%),
despite the fact that GGM molecules are much smaller than the
membrane pores. The high retention of GGM is believed to be due
to the blocking of membrane pores or the deposition of foulants on
the pore walls, and not to cake filtration.
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Hemicelluloses with high molecular mass are needed for the manufacture of value added products such
as food packaging barrier films. In this work such molecules were recovered from chemithermomechan-
ical pulp (CTMP) process water using an innovative three-stage process comprising membrane separation
and enzymatic treatment with laccase. Microfiltration followed by ultrafiltration was found to be a suit-
able combination in the first stage, providing a concentrated and purified hemicellulose fraction suitable
for enzymatic treatment. In both membrane processes a high average flux (260 and 115 I/m? h) and a low
fouling tendency were observed. A marked increase in the average molecular mass of hemicelluloses with
bound lignin moieties was achieved by laccase treatment in the second stage. The enzymatically cross-
linked hemicelluloses were finally recovered in the third stage using ultrafiltration. In the final high
molecular mass solution the hemicellulose concentration was 54 g/, the contribution of hemicelluloses
to the total solids content 43%, and the viscosity of the solution 27 mPa s. The results demonstrate that a
hemicellulose fraction of high quality can be produced from CTMP process water, and that this could con-
stitute a suitable feedstock for the production of, for example, barrier films for renewable packaging.
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1. Introduction

During the production of thermomechanical pulp and chemi-
thermomechanical pulp (CTMP), hemicelluloses and other wood
components are partly extracted and dissolved in the process
water [1-3]. Although, their concentration in the process water is
low (often only ~ 1 g/1), the total amount is considerable as the
flow rate of process water in a pulp mill is commonly several hun-
dred cubic meters per hour. Recent research has revealed that
hemicelluloses originating from wood are valuable molecules that
could be used in various value added applications, such as barrier

* Corresponding author. Tel.: +46 46 222 8291; fax: +46 46 222 4526.
E-mail address: ann-sofi.jonsson@chemeng.Ith.se (A.-S. Jénsson).
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films and coatings [4-7], hydrogels [8] and paper additives [9,10].
As a consequence of the growing range of applications of hemicel-
luloses, as well as their availability at high quantities in pulp mills,
the recovery of these molecules from process water in thermome-
chanical pulp and CTMP mills is becoming increasingly attractive
within the pulp and paper industry.

The process water in pulp mills is commonly a complex mixture
of wood constituents such as hemicelluloses, lignin, wood extrac-
tives and organic acids (e.g. pectic acid and acetic acid) [1,11]. In
order to obtain a purified fraction of hemicelluloses, these mole-
cules must be separated from the other constituents in the mix-
ture. Membrane filtration is one of the most selective and
energy-efficient separation techniques available, and could there-
fore be suitable for this kind of separation. Ultrafiltration has been
used successfully to recover hemicelluloses from hot water hydro-
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lysate of softwood [4,7,12,13] and mechanical pulp [14,15]. Our
group has worked extensively with thermomechanical pulp pro-
cess water, and developed a multi-stage procedure comprising
microfiltration and ultrafiltration for the recovery of hemicellu-
loses [16-18]. Although ultrafiltration of process water from CTMP
mills has been studied [11,19,20], to the best of our knowledge, no
investigations have yet been performed on the recovery of hemi-
celluloses from this type of process water.

One of the major goals of previous work has been to obtain a
fraction of high molecular mass hemicelluloses, as large molecules
are considered to be suitable for the manufacture of many value
added products such as barrier films and coatings [18,21].
However, the process water in pulp mills usually contains hemicel-
luloses with a rather low molecular mass and broad size distribu-
tion [21]. An efficient approach to producing a high quality
hemicellulose fraction from pulp mill process water could, there-
fore, be to increase their molecular size during recovery. Enzymatic
treatment with laccase has previously been shown to increase the
molecular mass of phenolic contaminants [22] and lignosulfonates
[23] originating from pulp and paper effluents. This increase was
mainly explained by the oxidation of phenolic end groups, result-
ing in the formation of radicals and their subsequent coupling to
larger polymers. In a recent patent by Henriksson et al. [24], it
was reported that laccase could also be used to increase the molec-
ular mass of hemicelluloses to which aromatic moieties were
attached.

In the present work, an innovative process for the production of
a hemicellulose fraction comprising large molecules was
developed for CTMP process water. The key elements of this
process are microfiltration, ultrafiltration and enzymatic treatment
with laccase. The performance of each membrane filtration stage of
the process was investigated on a small pilot scale. The influence of
laccase treatment on the molecular mass of hemicelluloses and the
rheological properties of the solution was also studied.

2. Materials and methods
2.1. Process description

A schematic of the process used in this investigation is shown in
Fig. 1. First, hemicelluloses in CTMP process water were separated
from other wood constituents using microfiltration and ultrafiltra-
tion. The concentrated and purified hemicellulose fraction was
subsequently treated with the laccase enzyme, capable of cross-
linking hemicellulose molecules to which lignin moieties are al-
ready bound. A second ultrafiltration step was carried out to
separate crosslinked hemicelluloses with high molecular mass
from those with low molecular mass.

Small hemi-
celluloses

Lignin, Mono-
sugars, Salts

Process T T
water
1SNJF —>| 2™UF
Hemi-
Suspended celluloses Large hemi-
celluloses

matter & Colloids

Fig. 1. Schematic of the process used in this work. (MF and UF denote
microfiltration and ultrafiltration.).

2.2. Process water

The process water was withdrawn from the pulping process of a
CTMP mill located in Sweden. The raw material used in the mill is
spruce wood, and the pulp produced is used to manufacture pack-
aging board. The total flow of process water in the pulp mill is
approximately 400 m>/h.

2.3. Equipment

2.3.1. Membranes for microfiltration and ultrafiltration

The specifications of the membranes used for microfiltration
and ultrafiltration are summarized in Table 1. The microfiltration
membrane was a tubular ceramic membrane manufactured by
Atech Innovations GmbH (Gladbeck, Germany). This membrane
had seven parallel feed channels, each with an inner diameter of
6 mm. The total length of the membrane tube was 1 m and the out-
er diameter 25 mm. Spiral wound elements (Alfa Laval Nordic A/S,
Seborg, Denmark) equipped with a 48-mil spacer were used in
both ultrafiltration stages. The UF membranes were made of the
same material, but differed in their nominal molecular weight
cut-off (MWCO). Both spiral elements had an outer diameter of
64 mm and a length of 0.43 m.

2.3.2. Membrane filtration setups

Different experimental setups were used for microfiltration and
ultrafiltration. Both setups consisted of two tanks, a circulation
pump and a membrane module, in which the microfiltration or
ultrafiltration membrane was inserted. The first tank was used as
the feed tank during the experiments, and the second tank was
only used during cleaning cycles. The setups were equipped with
pressure transmitters (dTrans p02, Jumo AB, Helsingborg, Sweden)
installed on the feed and the retentate side of the membrane mod-
ules. In the microfiltration setup an additional pressure transmitter
was installed on the permeate side. Temperature probes were im-
mersed in the feed tanks, and electronic balances (PL6001-S, Met-
tler Toledo Inc., Columbus, OH) were used to measure the
permeate flows through the membranes gravimetrically. In the
microfiltration setup a volume flow meter (Fischer&Porter Co.
Ltd., Gottingen, Germany) was installed on the feed line, while a
rotameter was used to measure the retentate flow in the ultrafil-
tration setup. The systems were pressurized by a valve installed
on the retentate side of the modules, and the transmembrane pres-
sure (TMP) was calculated as the difference between the average
pressure on the feed and retentate side, and the pressure on the
permeate side of the membrane. The cross-flow in the feed flow
channels of the membranes could be adjusted in both setups by
the pump speed using frequency converters. All data from the
measuring devices were recorded continuously using LabView
software (National Instruments Co., Austin, TX).

2.4. Experimental procedure

2.4.1. Membrane preparation

Clean membranes were used in all experimental studies in this
work. The ceramic microfiltration membrane was cleaned for
60 min with a 0.7 wt.% solution of the alkaline cleaning agent
Ultrasil 11 (Ecolab AB, Alvsjs, Sweden). The ultrafiltration mem-
branes were instead cleaned for 45 min with a 0.4 wt.% solution
of the alkaline cleaning agent Ultrasil 10 (Ecolab AB). The temper-
ature during cleaning was 50 °C, and membranes were rinsed thor-
oughly with deionized water after cleaning until no cleaning agent
was left in the system. The performance of the membranes was
controlled before each study by measuring the pure water flux
using deionized water at 30 °C.
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Table 1
Specifications of the membranes used for microfiltration and ultrafiltration.

Microfiltration

1st Ultrafiltration 2nd Ultrafiltration

Membrane 7/6

Membrane material a-Alumina oxide
Filtration area 0.13m?

Pore size/MWCO 0.2 um

Range of pH resistance 1-14

Maximum temp. >100 °C
Maximum pressure 10 bar

UFX5pHt UFX10pHt

Hydrophilized polysulfone Hydrophilized polysulfone
0.7 m? 0.7 m?

5kDa 10kDa

1-13 1-13

75°C 75°C

15 bar 15 bar

2.4.2. Microfiltration and first ultrafiltration stage

In order to remove fiber residues that could block the feed flow
channels of the microfiltration membrane, pulp mill process water
was first prefiltered through a 250 pm screen. About 9501 of the
prefiltered water was collected and subsequently used in the
microfiltration stage. Microfiltration was started by circulating
1901 of the total volume in the microfiltration setup at a temper-
ature of 60°C with the permeate valve closed. The cross-flow
velocity was adjusted to 5 m/s, and the permeate valve was opened
carefully to adjust the TMP to 0.7 bar. Initially, the retentate and
the permeate stream were recirculated to the feed tank for
30 min in order to stabilize the system. The permeate stream
was then withdrawn under constant operating conditions through-
out the remaining time of the study. The level in the feed tank was
kept constant by continuously pumping the remaining process
water into the feed tank. When the entire volume had been added,
the liquid level in the feed tank was allowed to decrease until the
total volume in the system was too small to allow further volume
reduction. Microfiltration was interrupted twice during the night
due to the long duration of the experiment (the total filtration time
was 32 h). During each of these interruptions the permeate valve
was closed, the temperature reduced to 50 °C, and the feed was
circulated in the system for about 12 h. Microfiltration was then
continued under the same operating conditions as before the inter-
ruption, without cleaning of the membrane. In total, about 930 1 of
permeate was collected during the microfiltration experiment.

Hemicelluloses in the microfiltration permeate were concen-
trated by ultrafiltration using the UFX5pHt membrane (cut-off
5 kDa). The initial feed volume of 930 | was reduced to a final vol-
ume of 301 by continuously withdrawing ultrafiltration permeate.
The general procedure during ultrafiltration was the same as dur-
ing microfiltration. The cross-flow rate and the temperature were
1.3 m?/h and 60 °C, respectively. The TMP, adjusted with the valve
on the retentate side of the module, was 5 bar. The total duration of
ultrafiltration was about 16h, and was carried out without
interruption.

2.4.3. Enzymatic treatment and second ultrafiltration stage

About 291 of the retentate from the first ultrafiltration stage
was treated with a laccase enzyme in order to increase the molec-
ular mass of the hemicelluloses in the solution. Enzymatic treat-
ment was carried out in a glass reactor equipped with an agitator
(ReactoMate 30000 CLR, Asynt Ltd., Cambridgeshire, UK). Before
the addition of laccase, the pH and the temperature of the solution
were adjusted to provide appropriate reaction conditions. The ini-
tial pH of 6.0 was lowered to 4.5 by the addition of dilute sulfuric
acid. The temperature of the solution was increased and main-
tained at 40 °C by circulating temperature-adjusted water around
the glass reactor. The reaction was subsequently started by adding
20 U/g substrate (1.4 mg/g) of the laccase enzyme (Sigma 51639,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany) to the solu-
tion. During the total reaction time of 3 h, pure oxygen gas was
continuously bubbled through the solution.

After enzymatic treatment of the ultrafiltration retentate, large
hemicellulose molecules were separated from smaller hemicellu-
loses in a second ultrafiltration stage using the UFX10pHt mem-
brane (cut-off 10 kDa). The initial feed volume was 281, and the
solution was concentrated at a constant cross-flow rate of
1.2 m?/h, a temperature of 60 °C, and a TMP of 3 bar. The final vol-
ume in the feed tank was 71, and the duration of the final ultrafil-
tration stage about 3 h.

2.5. Analytical methods

2.5.1. Total solids, ash and suspended matter

Samples were dried for 24 h in an oven at 105 °C. The total sol-
ids content was then determined from the dry weight of the resi-
due. The dry sample was further heated to 575°C, and this
temperature was maintained for 3 h. After cooling to room temper-
ature, the ash content was determined gravimetrically. The con-
centration of suspended matter was determined by filtration of a
sample through a 1 um filter (GF/B, Whatman Int. Ltd., Maidstone,
UK). Suspended matter was then defined as the dry mass of the
particles retained by the filter.

2.5.2. Hemicelluloses and lignin

Samples were filtered through a 1 pm filter (GF/B, Whatman Int.
Ltd.) in order to remove particles before analyzing the concentra-
tion of hemicelluloses and lignin. The concentration of hemicellu-
loses was determined by first degrading hemicellulose molecules
to monomeric sugars using a standardized method for acid hydro-
lysis [25]. The concentration of the monomeric sugars p-galactose,
p-glucose, p-xylose, p-mannose and L-arabinose was then mea-
sured using high-performance anion-exchange chromatography
coupled with pulsed amperometric detection. The chromatography
system (ICS-3000, Dionex Corp., Sunnyvale, CA) was equipped with
a Carbo Pac PA1 analytical column. Deionized water was used as
eluent at a flow rate of 1 ml/min, and the column was cleaned with
a solution of 200 mM sodium hydroxide (NaOH) dissolved in
170 mM sodium acetate. The sample injection volume was 10 pl.
The concentration of hemicelluloses was defined as the sum of
the monomeric sugars after anhydro corrections of 0.88 and 0.90
for pentoses and hexoses, respectively.

The concentration of lignin was determined by measuring the
UV absorbance at a wavelength of 280 nm in a spectrophotometer
(UV-160, Shimadzu Corp., Kyoto, Japan). An extinction coefficient
of 30 1/g cm, was used [26]. It should be noted that besides lignin,
pectin degradation products have strong UV absorbance at 280 nm
[1]. Thus, the presence of these substances could lead to an overes-
timation of the lignin concentration.

The molecular mass distribution of hemicelluloses and lignin
was determined by size exclusion chromatography using a Waters
600E chromatography system (Waters, Milford, MA) equipped
with a refractive index (RI) detector (model 2414, Waters) and a
UV detector (model 486, Waters). The analytical column was
packed with 30 cm Superdex 30 and 30 cm Superdex 200 (GE
Healthcare, Uppsala, Sweden). A 125 mM NaOH solution was used



H. Krawczyk et al./ Chemical Engineering Journal 225 (2013) 292-299 295

as eluent at a flow rate of 1 ml/min. The system was calibrated
with polyethylene glycol standards with peak molecular masses
of 0.4, 4, 10 and 35 kg/mol (Merck Schuchardt OHG, Hohenbrunn,
Germany).

2.5.3. Viscosity and turbidity

Viscosity measurements were performed in a rotational rheom-
eter (StressTech, Reologica Instruments AB, Lund, Sweden) using a
cup-and-bob geometry. The torque range of the rheometer was
0.05 UN m to 200 mN m. The system allowed the temperature of
the sample to be kept constant during the measurements. The
apparent viscosity was measured at a temperature of 60 °C in the
shear rate range 1-100s~".

The turbidity of a sample was measured in a turbidimeter
(2100P ISO, HACH Co., Loveland, CO). The instrument was cali-
brated with stabilized formazin standards (HACH Co.) of 0, 20,
100 and 800 nephelometric turbidity units (NTUs).

3. Results and discussion
3.1. Composition of the process water

The major components of the CTMP process water used in this
study were suspended matter, ash, lignin and hemicelluloses, as
can be seen in Table 2. The concentration of hemicelluloses was
about 0.8 g/l, i.e. roughly 10% of the total solids. Hemicelluloses
consisted mainly of the monosaccharides mannose, glucose and
galactose, indicating that the major hemicellulose in the process
water was galactoglucomannan. The presence of this hemicellulose
was expected as it is the most abundant one in spruce wood [27],
the raw material used by the pulp mill from which the process
water was obtained. It has been shown in earlier studies that wood
extractives, pectins, acetic acid and methanol are also released into
the process water in CTMP mills [1,2]. Especially the wood extrac-
tives can be present at rather high concentration. For example,
Puro et al. reported a concentration of lipophilic wood extractives
of 1.65¢g/l in CTMP process water [11]. These substances are
known to be dissolved as well as dispersed as droplets, forming
colloids with a size around 0.1-2 pm [11]. In the process water
used in the present study it can therefore be assumed that wood
extractives also constitute part of the total solids.

3.2. Removal of suspended matter and colloids

From the results of the composition analysis given in Table 2, it
can be seen that various substances must be removed from the pro-
cess water in order to recover hemicelluloses as a product.
Constituents with a larger size than hemicelluloses are mainly sus-
pended matter and colloids. These impurities were first separated
from the process water by prefiltration and microfiltration. After
prefiltration through a 250 pm screen, the concentration of sus-

Table 2
Composition of the CTMP process water used in this study.

Concentration (g/1) Percentage of total solids (%)

Total solids 8.01 -
Suspended matter 3.25 40.6
Ash 1.85 28.7
Lignin 1.30 16.2
Hemicelluloses 0.79 9.9

Mannose® 0.46

Glucose® 0.22

Galactose® 0.13

Arabinose?® 0.04

Xylose® 0.03

pended matter was reduced from 3.3 g/1 to less than 1.0 g/l. Resid-
ual suspended matter and colloids were effectively removed during
microfiltration. No suspended matter was found in the microfiltra-
tion permeate. Furthermore, the turbidity was reduced from
2000 NTU to less than 3 NTU. Previous research has shown that
the turbidity of pulp mill process water after the removal of sus-
pended matter is correlated with the concentration of wood resins
in the water [28]. Thus, the low turbidity in the microfiltration per-
meate indicates that some of the wood extractives were retained by
the microfiltration membrane. High retention of the wood extrac-
tives, i.e. fatty acids, resin acids, sterols and steryl esters, has been
observed previously, for example, by Persson et al. during microfil-
tration of thermomechanical pulp process water [18].

Apart from suspended matter and colloids, some of the hemicel-
luloses were also retained by the membrane, leading to a loss of
hemicelluloses during microfiltration. The initial retention of
hemicelluloses was about 30%, and retention was found to increase
to almost 80% with increasing volume reduction. Despite this
marked retention, more than 75% of the hemicelluloses could be
recovered in the permeate. This acceptably high yield was mainly
achieved because of the high volume reduction achieved during
microfiltration (~98%). The average flux during microfiltration
was ~2601/m?h, and thus rather high. As can be seen in Fig. 2
the flux decline was only minor for a volume reduction below
90%, but flux declined steeply when the volume reduction ex-
ceeded 90%. This flux decline was expected, and can be explained
mainly by the high increase in the concentration of suspended
matter in the retentate (see Fig. 2).

3.3. Concentration of hemicelluloses

After the removal of suspended matter and colloids, the hemi-
celluloses can be assumed to have the highest molecular mass of
the components remaining in the process water. Thus, hemicellu-
lose molecules can be concentrated by ultrafiltration and separated
from constituents with low molecular mass by choosing a mem-
brane with a nominal MWCO smaller than the size of the hemicel-
lulose molecules. A preliminary test (unpublished results) revealed
that a membrane with a nominal MWCO of 5 kDa (UFX5pHt) re-
sulted in markedly higher hemicellulose retention than a 10 kDa
membrane (RC70PP and ETNA10PP, both from Alfa Laval). Thus,
in order to obtain a high hemicellulose yield the 5 kDa membrane
was used for concentration in this study.

Fig. 3 shows the retention of hemicelluloses and the impurity,
lignin, during concentration using the UFX5pHt membrane. The
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Fig. 2. Flux (diamonds) and concentration (circles) of suspended matter in the
retentate during microfiltration of CTMP process water. The temperature, the

Concentration after acid hydrolysis.

tr: brane pressure and the cross-flow velocity were 60 °C, 0.7 bar and 5 m/s,
respectively.
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Fig. 3. Retention of hemicelluloses (squares) and lignin (triangles) during ultrafil-
tration using the UFX5pHt membrane (cut-off 5 kDa). Ultrafiltration was carried out
at 60 °C, 5.0 bar and 1.3 m?/h.

hemicellulose retention was in the range 70-96%. In contrast, the
retention of lignin was markedly lower. Thus, while the concentra-
tion of hemicelluloses increased considerably from 0.6 to 14.0 g/I,
the increase in lignin concentration was lower (from 0.8 to 7.4 g/
1). It has previously been shown that lignin forms covalent linkages
with hemicelluloses in spruce wood, resulting in lignin-carbohy-
drate complexes [29]. The lignin retention observed in this study
can therefore be explained, to some extent, by the attachment of
lignin moieties to hemicellulose molecules. Despite the formation
of these complexes, the final ultrafiltration retentate contained
about 74% of the hemicelluloses, but only 28% of the lignin mole-
cules, showing that hemicelluloses were successfully purified at
an acceptable yield during ultrafiltration.

It can also be seen in Fig. 3 that the retention of hemicelluloses
and lignin molecules increased markedly with increasing volume
reduction. A possible explanation of this observation could be that
the average molecular mass of both hemicelluloses and lignin mol-
ecules increased. Fig. 4 shows the size distribution of these mole-
cules in the retentate at volume reductions of 0%, 70% and 97%. It
can be seen that a considerable proportion of molecules with low
molecular mass (~1 kDa) was present at the beginning of concen-
tration (volume reduction 0%), while only a few molecules of this
size were found in the retentate at a volume reduction of 97%. This
indicates that mainly small molecules, less suitable for value added
applications, were lost in the ultrafiltration permeate. In the final
retentate, hemicelluloses ranging from 2 to 20 kDa, and lignin mol-
ecules ranging from 1 to 4 kDa were predominant.

The initial flux during ultrafiltration was almost 170 I/m? h, and
the fouling tendency was low, as can be seen in Fig. 5. As a conse-
quence, the high volume reduction of 97% could be achieved with-
out intermediate cleaning of the membrane. It has been reported in
a study by Puro et al. that polymeric membranes were irreversibly
fouled during ultrafiltration of CTMP process water [19]. However,
this was not observed in the present study, as the same pure water
flux was measured before and after the experiment. One reason for
these contradictory results could be the high MWCO of the mem-
branes used in the study by Puro et al. (30 and 50 kDa). Various
researchers have found that the susceptibility of membranes to
fouling increases with increasing pore size of the membrane during
ultrafiltration [12,19].

3.4. Increasing the molecular mass by enzymatic treatment

As discussed previously, a high molecular mass is advantageous
in the manufacture of value added products from hemicelluloses.
In a previous study on the laboratory scale, it was demonstrated
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Fig. 4. Size distribution of (a) hemicelluloses (measured by RI) and (b) lignin
(measured by UV) in the ultrafiltration retentate at a volume reduction (VR) of 0%,
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Fig. 5. Flux during the concentration of hemicelluloses with the UFX5pHt mem-
brane (cut-off 5 kDa).

that the average molecular mass of spruce galactoglucomannans
could be increased by utilizing enzyme-catalyzed crosslinking of
aromatic moieties bound to hemicelluloses [24]. In the present
work, we investigated whether it was possible to apply a similar
principle on a larger scale using the hemicelluloses recovered from
CTMP process water. Fig. 6 shows the molecular mass distribution
of hemicelluloses and lignin molecules in the ultrafiltration reten-
tate before and after enzymatic treatment. It can be seen that the
peak molecular mass of hemicelluloses was initially about 4 kDa,
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Fig. 6. Size distribution of (a) hemicelluloses (measured by RI) and (b) lignin
(measured by UV) before and after enzymatic treatment of the final ultrafiltration
retentate with laccase.

and increased to about 12 kDa following enzymatic treatment. Fur-
thermore, laccase treatment had a considerable effect on the peak
molecular mass of lignin molecules. These results suggest that
hemicelluloses with bound lignin moieties were successfully
crosslinked.

Furthermore, enzymatic treatment was found to slightly in-
crease the viscosity of the solution, from 1.3 to about 1.7 mPas
(measured at a shear rate of 100 s~ ' and a temperature of 60 °C).
It can be assumed that the increase in molecular size and the
change in the molecular structure as a result of crosslinking are
responsible for this effect.

3.5. Purification of high molecular mass hemicelluloses

The laccase enzyme used for the enzymatic treatment is only
capable of crosslinking hemicelluloses to which lignin moieties
are attached [24]. As a consequence, some molecules with rela-
tively low molecular mass were present after enzymatic treatment.
Ultrafiltration was used to separate the larger crosslinked hemicel-
luloses from the smaller ones, as it is desirable to concentrate and
purify crosslinked hemicelluloses as much as possible in the ultra-
filtration retentate.

About 90% of the total amount of hemicelluloses and lignin mol-
ecules in the solution after crosslinking were retained by the
10 kDa membrane used for ultrafiltration (UFX10pHt), indicating
that molecules with a molecular mass below 10 kDa accounted
for only a minor fraction of the hemicelluloses present. The high
retention gave rise to a considerable increase in concentration in
the retentate from ultrafiltration. As can be seen in Fig. 7, the
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Fig. 7. Concentration of hemicelluloses (squares) and lignin (triangles) and
viscosity of the retentate (dots) during purification of large hemicellulose molecules
with the UFX10pHt membrane (cut-off 10 kDa).

concentrations of hemicelluloses and lignin molecules were ini-
tially about 14 and 7.5 g/l, respectively, and increased to about
53.5 and 27 g/l in the final retentate, at a volume reduction of
75%. Concomitant with concentration, a remarkable increase in
the viscosity was observed (Fig. 7). The viscosity of the final reten-
tate, measured at 100 s and 60 °C, was 27 mPa s, and thus about
55 times higher than the viscosity of water. Xu et al. reported a
lower viscosity of about 10 mPa s for a solution containing 50 g/l
galactoglucomannan from thermomechanical pulp process water,
although their measurements were carried out at a lower temper-
ature of 25 °C [30]. The exceptionally high viscosity of the solution
in the present work could be explained by the increased molecular
mass of hemicelluloses due to enzymatic treatment.

The initial flux during ultrafiltration was about 32 1/m? h, and
was thus of the same magnitude as the final flux before enzymatic
treatment (see Fig. 5). As can be seen in Fig. 8, the flux declined
markedly with increasing concentration of hemicelluloses in the
retentate. When the hemicellulose concentration exceeded about
50 g/l, the flux fell below 10 1/m? h, indicating that it is difficult
to achieve a higher hemicellulose concentration with the mem-
brane used here. According to the film model, the theoretical con-
centration that could be achieved is about 85 g/l (obtained from
the intercept of the straight line on the x-axis shown in Fig. 8).

The two fractions obtained after ultrafiltration differed mark-
edly in composition, product purity and the size of the molecules,
which suggests that they can be used in different applications. The
concentration of hemicelluloses and lignin was high in the ultrafil-
tration retentate (53.5 g/l and 27 g/1), and their contributions to the
total solids about 43% and 21%, respectively. Furthermore, it can be
seen in Fig. 9 that the hemicelluloses and lignin molecules in this
fraction were large and had almost the same molecular mass dis-
tribution, indicating that lignin molecules were largely attached
to hemicelluloses. The concentration of hemicelluloses and lignin
in the ultrafiltration permeate was significantly lower (3 g/l and
1.5 g/), as was the proportion of the total solids (22% and 11%).
The peak molecular mass of hemicelluloses and lignin molecules
in the permeate fraction was only about 2 kDa, as can be seen in
Fig. 9. Based on these findings, we believe that the retentate frac-
tion could constitute an excellent feedstock for the manufacture
of barrier films for food packaging, and that the permeate fraction
could be suitable for less valuable products, such as the production
of biogas and bioethanol. Preliminary tests revealed that non-brit-
tle barrier films with low oxygen permeability could be fabricated
from the retentate fraction without the need for the addition of
high amounts of plasticizers. However, further work is still re-
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retentate following separation by ultrafiltration.

quired to demonstrate the suitability of this fraction and to inves-
tigate the properties of such films. Results of this ongoing work will
be presented in an upcoming paper.

4. Conclusions

Hemicelluloses with high molecular mass were recovered from
CTMP process water using a combination of membrane filtration
and enzymatic treatment. The suspended matter and colloids in

the process water were efficiently removed by microfiltration.
Ultrafiltration proved to be a suitable method for concentrating
and purifying hemicellulose molecules in the microfiltration per-
meate. A very high flux and a low fouling tendency were observed
in both membrane processes, indicating that this procedure could
be cost-efficient for hemicellulose recovery at a pulp mill.

The enzymatic treatment with laccase was found to successfully
crosslink hemicellulose molecules with bound lignin moieties. As a
consequence, the average molecular mass of hemicelluloses and
lignin molecules, as well as the viscosity of the solution, increased
markedly. It was shown that hemicelluloses with high molecular
mass can be separated from those with low molecular mass after
enzymatic treatment using an ultrafiltration membrane with a
MWCO of 10 kDa. About 90% of all hemicelluloses were retained
in the high molecular mass fraction, leading to high concentration
(~54g/l) and exceptionally high viscosity of the solution
(~27 mPa s). The hemicelluloses in this fraction could provide an
excellent feedstock for the manufacture of renewable barrier films
that could replace fossil-based materials in future packaging. In
contrast, the low molecular mass fraction might be suitable for
the production of biogas and bioethanol. Today, hemicelluloses in
process water from CMTP mills are treated in energy demanding
waste water treatment plants. The process developed in this pro-
ject will enable optimal use of different hemicellulose fractions
in valuable products, thus leading both to decreased amount of
waste, and improved resource efficiency of CTMP mills.
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Hemicelluloses isolated from agricultural residues have the potential to replace fossil-based materials in
high-value-added applications, provided that cost-efficient isolation processes are developed. In this
study, a feed solution containing hemicelluloses extracted from wheat bran with a particular high viscos-
ity was used to study the performance of ultrafiltration for hemicellulose isolation at various operating
conditions. The operating parameters affected the flux significantly, but had no influence on the retention
of the membrane. The flux was doubled by: (i) increasing the cross-flow velocity from 2 to 5 m/s, (ii)
increasing the feed temperature from 60 to 80 °C and (iii) decreasing the concentration of the solution
by half. The flux increase could mainly be attributed to a decrease in the apparent viscosity of the feed
solution. This indicates that low feed viscosity is the key to good membrane performance. The limiting
flux during ultrafiltration was reached at the low transmembrane pressure of 0.8 bar, even when the
cross-flow velocity and feed temperature were as high as 5 m/s and 80 °C, respectively. Low transmem-
brane pressure is thus preferable during ultrafiltration of solutions similar to that used in the present
investigation. The results of this study suggest that ultrafiltration could be a suitable method for the iso-
lation of hemicelluloses from high-viscosity solutions. However, as the operating parameters affect the
membrane performance significantly, they must be chosen with care to make the process cost-efficient.
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1. Introduction

Wheat bran, like all lignocellulosic materials, is composed
mostly of cellulose, hemicelluloses and lignin. The hemicelluloses
consist mainly of arabinoxylan: a heteropolysaccharide composed
of a xylan backbone with arabinofuranosyl side groups [1]. It has
been shown in several studies that arabinoxylan and other hemi-
celluloses in lignocellulosic material have interesting properties
as a feedstock for the manufacture of products such as oxygen bar-
rier films for food packaging materials [2-5]. More recently, the
use of hemicelluloses for oxygen barrier films has attracted much
attention in the packaging industry, as the material used today
for producing such films, ethylene vinyl alcohol, is made from fossil
resources.

In order to make use of hemicelluloses, they must first be ex-
tracted from the plant material and then separated from the result-
ing solution by chemical and/or mechanical methods. One
extraction process employing chemical treatment is the alkali
extraction method. Several variations of this method have been
suggested for wheat bran [6-11], and it has been shown that hemi-
celluloses with large molecular mass can be extracted at reason-

* Corresponding author. Tel.: +46 46 222 8291; fax: +46 46 222 4526.
E-mail address: ann-sofi.jonsson@chemeng.Ith.se (A.-S. Jénsson).
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ably good yields. Hemicelluloses can also be separated using
membrane ultrafiltration, as has been shown in several studies
using pulp mill process water as a hemicellulose source [12-15].
Furthermore, some research reports on the application of ultrafil-
tration to solutions obtained after hemicellulose extraction from
lignocellulosic material such as wheat bran [10,16,17] and barley
husks [18]. These studies confirmed the suitability of ultrafiltration
for hemicellulose isolation; however, no detailed investigations
were made of the effects of the operating parameters on the mem-
brane performance.

Wheat bran probably has the highest potential of all lignocellu-
losic materials as a hemicellulose source for a commercial extrac-
tion process as it is available in sufficiently large quantities.
However, the hemicellulose solution obtained after alkali extrac-
tion of wheat bran is of particularly high viscosity due to the struc-
tural characteristics of the macromolecules in this kind of biomass.
High viscosity of the feed solution is associated with an increase in
the frictional pressure drop along a tubular membrane during
ultrafiltration. This pressure drop can decrease the driving force
during filtration, leading to poor membrane performance [19]. In
order to realize a cost-efficient process knowledge is required on
the relations between operating parameters and membrane perfor-
mance during ultrafiltration.

In this study, the influence of various operating parameters on
membrane performance during ultrafiltration of a hemicellulose
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solution with particularly high viscosity was investigated. The
solution used was obtained by alkali extraction of hemicelluloses
from wheat bran. Operating parameters taken into account in the
investigation were the cross-flow velocity, the transmembrane
pressure, the temperature and the concentration of the solution.
The results obtained increase our understanding of how hemicellu-
loses can be isolated most cost-efficiently from viscous solutions,
and will help in replacing fossil-based barrier films in future food
packaging materials.

2. Materials and methods
2.1. Hemicellulose solution

The hemicellulose solution used in this investigation was ob-
tained by extraction of hemicelluloses from wheat bran using an
alkali extraction method. The structure of the biomass was broken
down by enzymatic treatment, during which the starch in the
wheat bran is degraded and removed. Sodium hydroxide (NaOH)
was then used to extract the hemicelluloses from the fibers, result-
ing in the hemicelluloses-rich solution used in this investigation.

2.2. Equipment

2.2.1. Membrane

A tubular ceramic membrane made of ®-Al,03 with a TiO, top
layer was used (Atech Innovations GmbH, Gladbeck, Germany).
The specifications of the membrane are given in Table 1. The seal-
ing material on the end caps of the membrane was polytetrafluoro-
ethylene (PTFE) instead of the standard material polyurethane.
PTFE was chosen because of its higher resistance to high pH in
combination with high temperature.

2.2.2. Experimental setup

A schematic of the experimental setup used in this work is
shown in Fig. 1. The most important components are two 200-L
tanks, an M1 module (Atech innovations) in which the ceramic
membrane was installed, and a circulation pump (NB32/25-20,
ABS Pump Production, MéIndal, Sweden). Tank 1 was only used
during cleaning and start-up, while Tank 2 served as the feed tank
during ultrafiltration of the hemicellulose solution. The transmem-
brane pressure during ultrafiltration was controlled by manually
adjusting valves installed on the permeate and the retentate side
of the membrane. The cross-flow velocity was controlled by the
pump speed using a frequency converter (CDA3000, Lust Antriebs-
technik GmbH, Germany). The transmembrane pressure, P, was
calculated from the relation:

P Py @)

_ Pin + Pout _
N 2
where Py, Poyc and P, are the pressures at the inlet, the outlet and on
the permeate side of the membrane, respectively. The frictional
pressure drop was calculated as the difference between the inlet
and outlet pressure.

Table 1

Specifications of the membrane used in the experiments.
Overall length 1000 mm
Outer diameter 25.4mm
Number of channels 7
Diameter of channels 6 mm
Filtration area 0.132 m?
Molecular weight cut-off 10 kDa
Sealing material PTFE

Balance

Fig. 1. Schematic of the experimental setup.

2.2.3. Instrumentation

The experimental setup was equipped with three pressure
transmitters (dTrans p02, Jumo AB, Helsingborg, Sweden): one at
the inlet, one at the outlet and one on the permeate side of the
membrane. A volume flow meter (Fischer&Porter Co. Ltd., Gottin-
gen, Germany) was used to measure the feed flow, and an elec-
tronic balance (PL6001-S, Mettler-Toledo Inc., Columbus, OH)
was used to determine the permeate flux. A Pt100 element was in-
serted into the feed tank for temperature measurements. All data
from the measuring devices were continuously recorded using Lab-
View software (National Instruments Co, Austin, TX).

2.3. Experimental procedure

2.3.1. Membrane cleaning

The membrane was cleaned for 1 h before and after the exper-
imental runs with a 0.5 wt% solution of the alkali cleaning agent
Ultrasil 10 (Ecolab AB, Alvsjo, Sweden). The temperature during
cleaning was 50 °C. After cleaning, the membrane was rinsed thor-
oughly with deionized water and the pure water flux was mea-
sured at 30 °C and a transmembrane pressure of 1 bar.

2.3.2. Start-up procedure

Before performing the experimental studies a start-up proce-
dure was performed, involving both feed tanks. First, Tank 1 was
connected to the circulation loop and filled with a 0.1 M NaOH
solution, which was subsequently circulated through the system
for 12 h. This was done to prevent a sudden change in pH upon
introducing the hemicelluloses solution, thus preventing possible
precipitation of certain substances in the initial stages of the exper-
iments. During circulation at a cross-flow velocity of 4 m/s and a
transmembrane pressure of 1 bar, the NaOH solution was heated
to 60°C. About 80L of the hemicellulose solution was then
pumped into Tank 2 and heated to the same temperature as the
solution in Tank 1. During heating, the hemicellulose solution in
Tank 2 was mixed with an external mono pump (SH40R8/C, Mono
Pumps Ltd., London, UK). The feed was switched from Tank 1 to
Tank 2, and the NaOH solution was displaced from the system.
The hemicellulose solution was circulated with the permeate valve
closed and a cross-flow velocity of 4 m/s. In order to investigate
different operating conditions, the temperature and the cross-flow
velocity were adjusted first, and then the permeate valve was
opened in order to adjust the transmembrane pressure.

2.3.3. Study of operating parameters

The permeate and retentate were returned to Tank 2 during the
study of transmembrane pressure and cross-flow velocity. The
study was performed at a temperature of 80 °C, and then at 60 °C.
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Between the studies at the two temperatures, the membrane was
cleaned and the solution was replaced with fresh solution. The influ-
ence of the transmembrane pressure on membrane performance
was investigated at a constant cross-flow velocity of 5 m/s. During
this investigation the permeate valve was opened very carefully in
order to slowly increase the transmembrane pressure from 0 to
1.5 bar. The influence of the cross-flow velocity on membrane per-
formance was then investigated. The transmembrane pressure
was maintained at 1.5 bar, and the cross-flow velocity was de-
creased stepwise (5, 4, 3, 2 m/s). The cross-flow velocity was then
increased stepwise to the initial value in order to evaluate the
reversibility of membrane fouling. The flux was recorded at each
velocity for 30 min and samples were taken from the permeate
and feed. The entire investigation took about 6h at each
temperature.

In order to study the influence of concentration on membrane
performance, the hemicellulose solution was diluted 1:1 with
0.1 M NaOH solution. The diluted solution was subsequently con-
centrated by withdrawing permeate to a volume reduction (VR)
of 50%. VR is defined as the ratio of the total volume of permeate
withdrawn to the initial volume of the feed. Constant operating
parameters were used in the concentration study: a transmem-
brane pressure of 1.5 bar, a cross-flow velocity of 5 m/s and a tem-
perature of 80 °C.

2.4. Component analysis

2.4.1. Total solids, ash and sodium hydroxide

Duplicate samples were dried in weighed porcelain crucibles for
24 h in an oven at 105 °C. The content of total solids was deter-
mined from the weight of the residue after cooling to room tem-
perature in a desiccator.

The ash content was determined by heating the dried samples
further to 575 °C, and maintaining this temperature for 3 h. The
ash content was calculated from the weight of the residue after
cooling to room temperature in a desiccator.

It was assumed that ash in the samples was completely derived
from the NaOH added during alkali extraction. In order to deter-
mine the content of NaOH, a correction must be made, since at high
temperature NaOH forms Na,0 and water, according to the follow-
ing chemical reaction [20]:

2NaOH — Na,0 + H,0 @)

The mass of NaOH in a sample decreases during ash analysis be-
cause the water formed in the reaction evaporates. The correction
factor of 1.29 used to account for this weight loss was derived from
the stoichiometry of the chemical reaction and verified experimen-
tally by measuring the weight loss of a known amount of pure
NaOH during ignition at 575 °C.

2.4.2. Monomeric sugars

Monomeric sugars were measured after acid hydrolysis using
high-performance anion-exchange chromatography coupled with
pulsed amperometric detection in an ICS-3000 chromatography
system (Dionex Corp., Sunnyvale, CA). The system was equipped
with a Carbo Pac PA1 analytical column. A solution of 200 mM
NaOH dissolved in 170 mM sodium acetate was used to clean the
column. Deionized water was used as eluent during the analysis.
The monomeric sugars p-glucose, p-galactose, b-mannose, p-xylose
and t-arabinose (Fluka Chemie AG, Buchs, Switzerland) were used
as standards. Acid hydrolysis was performed according to the stan-
dardized NREL method [21].

2.4.3. Acid-insoluble solids and acid-soluble lignin
The content of acid-insoluble solids was determined after acid
hydrolysis (NREL method). Precipitates were retained in a weighed

filter crucible with a maximal pore size of 16 um (Schott AG,
Mainz, Germany), and then dried for 24 h in an oven at 105 °C.
The content of acid-insoluble solids was then determined as the
weight of the residue after cooling to room temperature in a
desiccator.

The content of acid-soluble lignin was determined in the solu-
tion passing through the crucible filter by measuring the UV absor-
bance at a wavelength of 320 nm in a spectrophotometer (UV-160,
Shimadzu Corp., Kyoto, Japan). An extinction coefficient similar to
that of corn stover, of 30 L/g cm, was used [22].

2.4.4. Molecular mass distribution of hemicelluloses

The molecular mass distribution of hemicelluloses was deter-
mined by size exclusion chromatography using a Waters 600E chro-
matography system (Waters, Milford, MA) equipped with a
refractive index detector (model 410, Waters). The analytical col-
umn was packed with 30 cm of Superdex 30 and 30 cm of Superdex
200 (GE Healthcare, Uppsala, Sweden). A 125 mM NaOH solution
was used as eluent at a flow rate of 1 mL/min. The system was cali-
brated with polyethylene standards with peak molecular masses of
0.4, 4, 10 (Merck Schuchardt OHG, Hohenbrunn, Germany) and
40 kg/mol (Serva Electrophoresis GmbH, Heidelberg, Germany).

2.4.5. Viscosity

Viscosity measurements were performed in a Malvern Kinexus
Pro rotational rheometer with a torque range of 0.05 pNm to
200 mNm. A cup-and-bob geometry was used. The system allowed
the temperature of the sample to be kept constant during the mea-
surements. The apparent viscosity was measured at a temperature
of 60 °C in the shear rate range 1-100 s~1, unless otherwise stated.

3. Results and discussion

The solution used in this investigation contained hemicelluloses
extracted from wheat bran by alkali extraction. This solution is a
complex mixture from which the hemicelluloses must be isolated.
Knowledge about the chemical composition and the physical prop-
erties of the solution is necessary in order to be able to design an
efficient ultrafiltration process. Thus, the solution was first charac-
terized by determining its composition, and physical properties
and their dependency on temperature and pH. Based on the out-
come of this characterization, ultrafiltration experiments were per-
formed in the second part of the investigation.

3.1. Characterization of the hemicellulose solution

3.1.1. Composition

The composition of the hemicellulose solution is given in Table
2. The content of total solids in the solution was about 52 g/L of
which NaOH, hemicelluloses and acid-insoluble solids accounted
for the largest fractions. The high amount of NaOH is due to the
large addition of this chemical in the procedure used to extract
hemicelluloses from wheat bran. Hemicelluloses were mainly ara-
binoxylans with a ratio of the monosaccharides xylose:arabinose of
2.3:1. This ratio was somewhat higher than the ratios of 1.3:1 to
2:1 reported for arabinoxylan extracted from wheat bran by other
researchers [7,8,10,17], and can be attributed to differences in the
alkali extraction method and the raw material. The average molec-
ular mass of hemicelluloses in the solution was about 90 kg/mol.
The solids in the solution, presented as acid-insoluble solids in
Table 2, were assumed to be mainly lignin and proteins. In native
wheat bran, lignin and proteins account for about 3-9 and
14-18% of the vegetable matter, respectively [7,8,10,11,17]. It is
thus likely that fractions of these components are extracted during
alkali treatment of the raw material.
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Table 2
Characterization of the hemicellulose solution used in this
investigation.

Total composition

Total solids (g/L) 51.7
NaOH (g/L) 395
Hemicelluloses (g/L) 7.7
Acid-insoluble solids (g/L) 3.2
Acid-soluble lignin (g/L) 0.3
Hemicelluloses

Arabinose (g/L) 185
Galactose (g/L) 0.13
Glucose (g/L) 1.40
Xylose (g/L) 435
Ave. Molecular mass (kDa) 90
Physical properties

pH 13
Viscosity *(mPa s) 6.7
Density (kg/m3) 1019

@ Measured at 60 °C at a shear rate of 1005,

The physical properties of the solution are of particular impor-
tance, since they influence the performance of membrane filtra-
tion. The viscosity of the solution was about 14 times the
viscosity of water at 60 °C (Table 2). Moreover, the solution was
very alkaline. Both the high viscosity and extreme alkalinity were
the reason for choosing a tubular ceramic membrane for ultrafiltra-
tion in this investigation. Compared to their polymeric competi-
tors, ceramic membranes are more resistant to extreme
conditions (pH, temperature) and the tubular design provides large
feed channels, resulting in lower pressure drops. The latter is of
particular importance for highly viscous solutions.

3.1.2. Solution viscosity at various temperatures and pH

High viscosity of a solution generally leads to an increase in the
pressure drop along the membrane module and a decrease in the
mass transfer coefficient [23,24]. Both are undesirable because of
their negative effects on the energy requirement and membrane
performance. Therefore, highly viscous feed solutions should be
avoided, if possible, during ultrafiltration. Viscosity is dependent
on factors such as temperature and pH; thus, studying the rheolog-
ical behavior of the hemicellulose solution while varying these fac-
tors can provide valuable information on the optimal operating
conditions for ultrafiltration. In this investigation, the pH of the
solution was adjusted by aeration with carbon dioxide, which dis-
solves forming carbonic acid. In addition to the untreated solution
(pH 13), two solutions with final pH of 10 and 8 were obtained
using this method.

During viscosity measurements the solution showed shear-
thinning behavior, that is, increasing shear rate led to decreased
viscosity (Fig. 2a). This behavior may be explained by steric inter-
actions between macromolecules in solution at low shear rates,
resulting in high viscosity. When the shear rate is increased the
molecules start to align in the direction of the shearing force,
which decreases the solution’s viscosity. At high shear rates, only
a slight decrease in viscosity was observed. This may be due to
the already almost perfect alignment of the molecules.

As expected, the temperature and pH of the solution had a signif-
icant influence on the viscosity. At 50 °C and a shear rate of 100 s,
the apparent viscosity was 8.5 mPa s, which is more than double the
value obtained at 80 °C (Fig. 2a). When the pH of the solution was de-
creased by dissolution of carbon dioxide, the viscosity increased sig-
nificantly (Fig. 2b). This behavior can be explained by lower
electrostatic repulsion between the macromolecules, which occur,
as the surface charge of the macromolecules changes with pH.

The characterization of the hemicellulose solution provided
valuable information that was used to design the ultrafiltration
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Fig. 2. Influence of (a) temperature and (b) pH on the apparent viscosity of the
hemicellulose solution at various shear rates.

experiments. As shown in Fig. 2, high temperature and high pH de-
creased the apparent viscosity of the solution. As a lower viscosity
is associated with better membrane performance, the ultrafiltra-
tion experiments were performed with a hemicellulose solution
with high alkalinity (pH 13) at high temperature (80 °C). In addi-
tion, some experiments were performed at a lower temperature
of 60 °C, as a reference case. The operating parameters taken into
consideration in the ultrafiltration studies were the transmem-
brane pressure, the cross-flow velocity and the concentration of
the hemicellulose solution.

3.2. Influence of transmembrane pressure on membrane performance

During the start-up of the ultrafiltration procedure, the trans-
membrane pressure was increased gradually from zero to the oper-
ating pressure of 1.5 bar. The increase in flux during start-up for
the experiments performed at 60 and 80 °C, is shown in Fig. 3.
The cross-flow velocity was 5 m/s in both cases.

At both temperatures, the flux initially increased linearly with
pressure, started to level-off at 0.5 bar, and then remained more
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Fig. 3. Influence of the transmembrane pressure on flux during ultrafiltration of the
hemicellulose solution.
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or less constant above a transmembrane pressure of 0.8 bar (see
Fig. 3). This non-linear behavior of the flux with TMP is often ob-
served during ultrafiltration and can be associated with the forma-
tion of a gel layer on the membrane surface [23]. At pressures
above 0.8 bar the thickness, and thus the resistance, of the gel layer
increased at about the same rate as the driving force for filtration;
thus, the flux remained essentially constant. Furthermore, the tem-
perature was found to have a considerable influence on the flux. At
80 °C the maximal flux was about 58 L/m? h; i.e. almost twice that
at 60 °C. These significant differences in the flux are in agreement
with the results of the viscosity measurements in Fig. 2a, in which
it can be seen that the solution has a much higher viscosity at 60 °C
than at 80 °C.

The operating transmembrane pressure in ultrafiltration appli-
cations usually ranges between 2 and 10 bar, depending on the
solution properties. However, such high transmembrane pressures
are not recommended in the present case, since the limiting flux
was reached at a pressure of only 0.8 bar. According to Bacchin
et al., the limiting flux may correspond to the flux at which the fil-
tration capacity of the membrane is saturated due to fouling [25].
Thus, operating ultrafiltration above the limiting pressure is not
only a waste of energy, it also increases the need and frequency
of cleaning.

3.3. Influence of cross-flow velocity on membrane performance

The cross-flow velocity is one of the dominating factors affect-
ing membrane performance during ultrafiltration. High cross-flow
velocity is generally beneficial, since it increases the mass transfer
coefficient [23]. However, high cross-flow velocity also increases
the frictional pressure drop along the membrane module, particu-
larly when solutions of high viscosity are treated. As a result, the
inlet transmembrane pressure can be high and fouling can occur,
especially in the first part of the membrane.

Fig. 4 shows the influence of the cross-flow velocity on flux and
frictional pressure drop along the membrane during ultrafiltration.
The initial cross-flow velocity was 5 m/s, it was then decreased
stepwise to 2 m/s, and was finally increased to the initial value.
The membrane flux and frictional pressure drop were markedly af-
fected by the cross-flow velocity at both temperatures, as can be
seen in Fig. 4. As the cross-flow velocity was decreased, the flux de-
creased from 63 to 30 L/m? h at a temperature of 80 °C, and from
33 to 14 L/m? h at 60 °C. Although the cross-flow velocity had a sig-
nificant effect on flux and pressure drop, the retention of the mem-
brane was unaffected. The retention of hemicelluloses, total solids
and NaOH over the entire range of cross-flow velocity was 96%,
18% and 8%, respectively.

In general, the flux tends to remain constant, or decline due to
membrane fouling, under constant operating conditions. This was
not the case in the present investigation, as can be seen in Fig. 4a
by comparing the flux at the same cross-flow velocity, at the start
and the end of the experiment. Instead, a flux increase of up to 28%
at 80 °C and up to 18% at 60 °C was observed. A possible explana-
tion of this finding may be that the viscosity of the solution chan-
ged during the experiments due to the elevated temperature and
shear stress. A separate experiment was therefore performed to
substantiate this hypothesis. Hemicellulose solution was stored
in an oven at 80 °C and the apparent viscosity of samples taken
after 18, 26, 52 and 98 h of storage was measured. As can be seen
in Fig. 5, the viscosity of the solution decreased markedly with
storage duration. It is likely that breakage of chemical bonds within
macromolecules (e.g. in hemicelluloses, lignin and proteins) in the
solution caused this viscosity decline. From these results it was
concluded that the differences in the initial and final fluxes at con-
stant cross-flow velocity can be attributed to changes in the viscos-
ity of the solution. The degradation of macromolecules will
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Fig. 5. Influence of the duration of storage at 80 °C on the apparent viscosity of the
hemicellulose solution at a shear rate of 100s~".

probably be more pronounced at 80 °C than at 60 °C, which ex-
plains the larger difference between initial and final flux at the
higher temperature.

3.4. Influence of concentration on membrane performance

In order to obtain hemicelluloses at high concentration and pur-
ity in a potential industrial process, water and low-molecular-
weight components must be removed, as far as possible, from
the hemicellulose solution. During such a concentration process
the membrane performance will certainly be affected by the
increasing concentration of hemicelluloses in the feed. In this
investigation, the influence of feed concentration on membrane
performance was studied by diluting the feed solution with a
0.1 M NaOH solution at the ratio 1:1. Using an alkaline solution in-
stead of deionized water for dilution had the advantage that the pH
of the feed solution remained constant, which prevented an in-
crease in the solution viscosity during dilution, due to a change
of pH (see Fig. 2b). After dilution the solution was concentrated
under constant operating conditions by withdrawing permeate
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from the system until the initial feed concentration was reached
(VR 50%). This procedure allowed us, firstly, to follow the flux dur-
ing a concentration process and, secondly, to draw conclusions on
membrane fouling by comparing the flux before dilution with
NaOH solution with the flux after concentration to a VR of 50%.

The initial flux after dilution was 146 L/m? h, thus significantly
higher than the flux prior to dilution, which was 80 L/m? h. This
difference can be explained by the fact that the viscosity of the
solution is highly dependent on the concentration. For example,
the viscosity of the feed at 80 °C and a shear rate of 100s~' was
2.5 mPa s before dilution, but only 1.4 mPa s after addition of the
NaOH solution. The strong influence of the feed concentration on
membrane performance can also be seen in Fig. 6, in which the flux
is shown during the concentration process. As expected, the flux
decreased markedly with increasing VR. It is interesting to note
that at a VR of 50%, at which the feed concentration was about
the same as in the feed prior to dilution, the flux was also the same.
This observation indicates that the membrane was not fouled dur-
ing the study. This reasoning was confirmed by comparing the pure
water flux after cleaning, before and after performance of the
experimental study. The pure water flux after concentration was
about 92% of the initial pure water flux. A decline in the pure water
flux of this magnitude should not be attributed to fouling, and it is
not uncommon when using a membrane for the first time [26].

The results of this investigation showed that, the operating
parameters have a considerable influence on membrane perfor-
mance during ultrafiltration of a highly viscous hemicellulose solu-
tion. These findings show that low transmembrane pressure, high
cross-flow velocity and high temperature should be used to obtain
the highest possible flux. However, these operating conditions are
not optimal with respect to the energy demand, since the power
required for pumping and heating increases as the cross-flow
velocity and the temperature are increased.

3.5. Effect of operating parameters on energy requirement for
recirculation

In most ultrafiltration processes, the largest part of the energy
requirement is attributed to recirculation of the retentate [26].
The electrical power required for recirculation is obviously depen-
dent on the volume recirculated and the properties of the solution,
such as the viscosity and density. Thus, besides flux and retention,
the operating parameters used for ultrafiltration also influence the
energy required for recirculation, which must be considered when
choosing the optimal operating conditions for the ultrafiltration
process.

The energy requirement per unit volume of permeate in the
recirculation pumps can be calculated using Eq. (3) [26]:
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Fig. 6. Flux after dilution and during subsequent concentration of the hemicellulose
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Fig. 7. Energy requirement per m> of permeate in the recirculation pumps with
increasing cross-flow velocity with a feed temperature of 80 °C.

where APy is the frictional pressure drop along the membrane mod-
ule, Q is the feed flow, n is the pump efficiency, J is the flux and A is
the filtration area of the membrane. In the present case the pump
efficiency was assumed to be 0.8.

As can be seen from Eq. (3), the operating conditions that give a
high flux during ultrafiltration, should also be beneficial with re-
spect to the energy requirement per unit volume of permeate, as
increasing the flux decreases the energy requirement. This sug-
gests that the highest possible transmembrane pressure should
be used during ultrafiltration, which was determined to be about
0.8 bar in the present investigation (see Fig. 3). However, this rea-
soning does not apply to the cross-flow velocity. Although the flux
is higher at high cross-flow velocity, the energy required by the
recirculation pumps is also higher (Fig. 7). For example, at 80 °C,
the energy requirement at 5m/s is 15 kW h/m®, which is about
four times higher than at 2 m/s (3.6 kW h/m>). Obviously, this
can be explained by the fact that the frictional pressure drop in
Eq. (3) increases more significantly than the membrane flux when
the cross-flow velocity is increased.

4. Conclusions

The hemicellulose solution used in this investigation was pro-
duced using alkali extraction of hemicelluloses from wheat bran.
The performance of ultrafiltration for hemicellulose isolation from
this solution, with a particularly high viscosity, was studied using a
ceramic tubular membrane (cut-off 10 kDa). An acceptably high
flux (up to 62 L/m? h), high hemicellulose retention (96%) and no
significant fouling of the membrane were observed; from which
it was concluded that ultrafiltration is a promising technique for
hemicellulose isolation from highly viscous solutions. The operat-
ing parameters were found to affect the membrane flux signifi-
cantly, but had no influence on the membrane retention. The
limiting flux was reached at the low transmembrane pressure of
0.8 bar, even with a high cross-flow velocity (5 m/s) and high tem-
peratures (60 and 80 °C). Decreasing the cross-flow velocity from 5
to 2 m/s was found to reduce the flux by half (from 62 to 30L/
m? h). Furthermore, the membrane flux was found to decrease sig-
nificantly with increasing feed concentration. These results dem-
onstrate that the membrane performance is strongly associated
with the viscosity of the feed solution, and it was concluded that
decreasing the feed viscosity is the key to a cost-efficient ultrafil-
tration process. The present work focused on identifying the oper-
ating parameters with the greatest influence on ultrafiltration of a
highly viscous hemicellulose solution. In order to optimize the
hemicellulose isolation process, a more detailed investigation is
required, which should include an economic evaluation of the
process. In such a study, the average flux during concentration
should be used in the calculations, as it is likely that, at low
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velocity, the flux will decrease more rapidly with increasing VR
than at high cross-flow velocity. An economic evaluation will be in-
cluded in a future investigation.
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Hemicelluloses extracted from wheat bran have to be separated from impurities in order to obtain a valu-
able product at high concentration and purity. A previous investigation showed that separation by ultra-
filtration is possible, but the flux was low due to the high viscosity of the solution and the presence of gel-
forming substances in the solution. In this investigation the influence of prefiltration on solution viscosity
and ultrafiltration performance was investigated. The viscosity of the hemicellulose solution after extrac-
tion was considerably reduced with both prefiltration methods tested, leading to a substantial increase in

(f;ﬁ‘::i”;sr;n flux during ultrafiltration. The highest flux achieved without pretreatment was about 75 I/m? h, and was
Hemicellulose increased to 225 and 440 I/m? h after dead-end filtration and microfiltration, respectively. However, the
Ultrafiltration loss of hemicelluloses was considerable during microfiltration, but <5% during dead-end filtration. After
Viscosity prefiltration by dead-end filtration, hemicelluloses could be successfully concentrated and purified by

ultrafiltration. Eighty percent of the initial volume was removed during concentration at an average flux
of 155 1/m? h. At the same time, the concentration and purity of the hemicelluloses increased from 7.6 g/
and 15% to 31.6 g/l and 31%, respectively. The results obtained in this investigation indicate that dead-
end filtration could be a useful form of pretreatment before ultrafiltration when recovering hemicellu-

Prefiltration

loses extracted from wheat bran.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Wheat is one of the most commonly cultivated cereal grains
worldwide with an annual production of about 650 Mio tonnes
[1]. The starch-rich endosperm of the whole grain is used in food
production, but there is no profitable application for the bran that
encloses the endosperm. However, this waste material could con-
stitute a resource as it consists of more than 30% of the valuable
hemicellulose arabinoxylan [2]. Arabinoxylan and other hemicellu-
loses have excellent properties for the production of oxygen barrier
films for food packaging [3-7]. It has been shown that films pro-
duced from arabinoxylan have high mechanical strength and low
oxygen permeability, and could therefore provide an alternative
to fossil-based products in future packaging materials [4]. As a con-
sequence of the increasing interest in arabinoxylan, various meth-
ods of extracting such molecules from wheat bran and other
agricultural residues have been developed [8-13]. It has been
found that arabinoxylan can be extracted at high yields without
significant degradation of the polymeric structure [9].

The composition of the solution obtained after hemicellulose
extraction depends on the raw material and the method used for
extraction. In general, such solutions are complex mixtures of the

* Corresponding author. Tel.: +46 46 222 8291; fax: +46 46 222 4526.
E-mail address: ann-sofi.jonsson@chemeng.Ith.se (A.-S. Jénsson).
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product (arabinoxylan) and impurities consisting of co-extracted
molecules and extraction chemicals. These impurities must be re-
moved before the arabinoxylan can be used. However, such sepa-
ration processes are often difficult because of the large number
of substances present. Furthermore, the cost of separation can be
high as solutions containing significant amounts of high-molecu-
lar-mass hemicelluloses have a high viscosity, increasing the en-
ergy required for pumping and stirring.

Membrane ultrafiltration is an attractive separation process for
the recovery of hemicelluloses from mixtures obtained after
extraction because of its energy efficiency and selectivity. The per-
formance of ultrafiltration has been studied during the concentra-
tion and purification of galactoglucomannan from forestry streams
[14-20] and large pilot-scale separation processes have been sug-
gested [15,18,19]. Furthermore, ultrafiltration has been used to iso-
late arabinoxylan after extraction from agricultural residues [21-
26). However, more work is needed to develop a cost-efficient sep-
aration process with the aim to recover arabinoxylan after extrac-
tion from wheat bran.

In a recent investigation, we studied the performance of ultrafil-
tration of a solution containing arabinoxylan obtained from wheat
bran under various operating conditions [27]. The maximal flux
that could be achieved was below 70 1/m? h. This low flux was
attributed to the high viscosity of the solution and the formation
of a gel layer on the membrane surface. The objective of the



H. Krawczyk et al. /Separation and Purification Technology 116 (2013) 192-198 193

present work was to investigate whether the flux during ultrafil-
tration could be increased by prefiltration of the arabinoxylan solu-
tion. Prefiltration could be an efficient means of removing gel-
forming substances and decreasing the viscosity of the arabinoxy-
lan solution. Two prefiltration methods were evaluated: microfil-
tration and dead-end filtration in a filter press. The influence on
flux and retention during ultrafiltration was investigated under
various operating conditions.

2. Materials and methods
2.1. Hemicellulose solution

Dry wheat bran was used as raw material to prepare the arabin-
oxylan solution used as feed in the membrane filtration and filtra-
tion experiments. First, the wheat bran was washed and treated
with enzymes to degrade and remove the starch. Hemicelluloses
were then extracted from the bran at high pH with a concentrated
sodium hydroxide (NaOH) solution. At high pH, the ester bonds be-
tween hemicelluloses and other biomass components (mainly lig-
nin and cellulose) are cleaved leading to the release of
hemicelluloses from the biomass structure. Hemicelluloses with
high molecular mass are most suitable for applications such as
oxygen barrier films, and it is therefore desirable to maintain a
high molecular mass of the hemicelluloses after extraction.

2.2. Equipment

2.2.1. Membranes

Tubular ceramic membranes from Atech Innovations GmbH
(Gladbeck, Germany) were used for microfiltration and ultrafiltra-
tion. The material of the microfiltration and ultrafiltration mem-
branes was o-alumina oxide and titanium dioxide, respectively.
The microfiltration membrane had a pore size of 0.2 um and the
ultrafiltration membrane a nominal molecular weight cut-off of
10 kDa. Both membranes had 7 parallel feed flow channels, an out-
er diameter of 25.4 mm, and a total length of 1 m. The inner diam-
eter of the feed flow channels was 6 mm, and the membrane area
0.132 m?. The hydraulic resistance of the micro- and ultrafiltration
membrane was calculated from the pure water flux to
2.9 x 10" m~" and 1.6 x 10'> m™, respectively.

2.2.2. Membrane filtration setup

Microfiltration and ultrafiltration experiments were performed
in the same membrane filtration setup (Fig. 1). An M1 membrane
module from Atech Innovations, in which either the ultrafiltration
or the microfiltration membrane was inserted, was used. Two 200-
I tanks and a centrifugal pump (NB32/25-20, ABS Pump Produc-
tion, Mélndal, Sweden) were connected to the system. The first
tank was used as a feed tank during the membrane filtration exper-
iments. The second tank was mainly used during cleaning. The feed
pressure and the cross-flow velocity in the feed flow channels of
the membranes were regulated with a frequency converter
(CDA3000, Lust Antriebstechnik GmbH, Lahnau, Germany) and a
valve on the retentate side of the module. Pressure transmitters
(dTrans p02, Jumo AB, Helsingborg, Sweden) were installed in
the system to measure the pressure on the feed, P, and the reten-
tate, P, and permeate sides, Pp, of the membrane. The transmem-
brane pressure (TMP) was calculated from the relation:

Tmp:@,

Pp (1)

The TMP was controlled by manually adjusting a valve on the
permeate side of the module. The feed flow was measured before
the membrane module with a volume flow meter (Fischer&Porter
Co. Ltd., Gottingen, Germany) and the permeate flow was mea-

sured with an electronic balance (PL6001-S, Metter-Toledo Inc.,
Columbus, OH). A Pt100 temperature probe was immersed in each
of the feed tanks for temperature measurements. All data from the
measuring devices were continuously recorded using LabView
software (National Instruments Co., Austin, TX).

2.2.3. Filter press

Dead-end filtration was performed with a PF 0.1 H2 filter press
(Larox Corp., Lappeenranta, Finland). The filter press included a
100-1 feed tank equipped with an agitator, and an air-driven slurry
pump (Wilden M2-P Champ, Wilden Pump & Engineering Co., Col-
ton, CA). The filtration area was 0.1 m? and a 10 pm filter cloth
(Hydrotech AB, Vellinge, Sweden) was used for filtration.

2.3. Experimental procedure

2.3.1. Membrane cleaning

Membranes were cleaned for 1 h before and after use with a
0.5 wt% solution of the alkaline cleaning agent Ultrasil 10 (Ecolab
AB, Alvsjé, Sweden). The temperature, the TMP and the cross-flow
velocity during cleaning were 50 °C, 1.0 bar and 3 m/s, respec-
tively. After cleaning, the membrane was rinsed thoroughly with
deionized water in order to remove the cleaning agent from the
system.

2.3.2. Prefiltration by microfiltration

The hemicellulose solution obtained from the alkali extraction
process was prefiltered by microfiltration using the setup shown
in Fig. 1. The initial volume of the solution in the feed tank was
about 195 . Microfiltration was carried out at a temperature of
80 °C, a TMP of 1.0 bar, and a cross-flow velocity of 4 m/s in the
feed flow channels of the membrane. The retentate stream was
recirculated to the feed tank, while the permeate stream was with-
drawn from the system and collected. Microfiltration was stopped
when a permeate volume of 60 | had been obtained, which corre-
sponds to a volume reduction of about 30%.

2.3.3. Prefiltration by dead-end filtration

As an alternative to microfiltration, dead-end filtration was
used for prefiltration. Calcinated and purified kieselguhr (Appli-
Chem GmbH, Darmstadt, Germany) was added to the hemicellu-
lose solution and the mixture was mixed for 30 min prior to
filtration. The concentration of kieselguhr in the mixture was
2 wt%. The temperature and the pressure during filtration were
50°C and 4 bar, respectively. Several filtration cycles were per-
formed in order to collect a sufficient amount of filtrate for the

Balance

Fig. 1. Schematic of the experimental setup for microfiltration and ultrafiltration.
Vk: Retentate valve; Vp: Permeate valve; P: Pressure transmitter; T: Temperature
probe; F: Flow meter.
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ultrafiltration experiments. In each cycle, about 751 of feed solu-
tion was fed into the feed tank and about 60 | of filtrate was recov-
ered before dead-end filtration was discontinued.

2.3.4. Study of ultrafiltration performance

The influence of the operating conditions (TMP, cross-flow
velocity) on flux and retention during ultrafiltration was investi-
gated. The study was performed with three different feed solu-
tions: the hemicellulose solution obtained from the extraction
process, and the filtrates obtained after microfiltration and dead-
end filtration. Between the experiments with different feed solu-
tions, the membrane was cleaned according to the method de-
scribed above.

In all three cases the same experimental procedure was used.
First, a 0.1 M NaOH solution was fed into tank 1 of the experimen-
tal setup (Fig. 1) and circulated through the system at a tempera-
ture of 60 °C. About 601 of feed solution was fed into tank 2 and
heated to the same temperature as the NaOH solution in tank 1.
The feed was switched from tank 1 to tank 2, and the NaOH solu-
tion was displaced from the system. The solution was then further
heated to 80 °C and the cross-flow velocity was adjusted, then the
permeate valve was opened in order to adjust the TMP. Both the
permeate and the retentate stream were returned to tank 2 during
the study. Ultrafiltration of the three different feed solutions was
carried out at a constant temperature (80 °C) and at the cross-flow
velocities and TMPs given in Table 1. Each experimental series was
begun at the highest cross-flow velocity and lowest TMP in order
to minimize the formation of a cake layer on the membrane sur-
face. The flux was recorded at each combination of cross-flow
velocity and TMP for about 30 min before samples were taken from
the permeate and the feed tank. In order to avoid fouling the ultra-
filtration membrane unnecessarily, the TMP was not further in-
creased when a marked leveling-off of the flux was observed.

Permeate was withdrawn from the ultrafiltration system in an
experiment designed to concentrate the hemicelluloses in a solu-
tion prefiltered by dead-end filtration. The initial volume in the
feed tank was 1301 and concentration was carried out until a vol-
ume reduction of 80% had been achieved. The cross-flow velocity,
the TMP, and the temperature of the feed were constant through-
out the experiment, at 5 m/s, 1.2 bar and 80 °C, respectively. Sam-
ples were taken from the permeate and the feed tank at regular
intervals.

2.4. Analytical methods
2.4.1. Total solids and sodium hydroxide

Samples were dried for 24 h in an oven at a temperature of
105 °C. The total solids content was then determined from the

Table 1
Operating conditions used in the studies of the three feed solutions.
Feed solution Cross-flow TMP (bar)
velocity (m/s)
Hemicellulose solution from 3 0.4; 0.6
extraction process 4 0.4
14;16
5 0.4;0.6;0.8; 1.0;1.2;
14; 1.6
Solution prefiltered by 3 0.6,08,1.0,1.2,1.4
microfiltration 4 0.6,08, 1.0, 1.2, 1.4,

1.6

Solution prefiltered by dead-end 3 0.6,0.8,1.0,1.2, 14,

filtration 16
4 0.6;0.8; 1.0;1.2; 1.4;

16
5 0.6; 0.8; 1.0;1.2; 1.4,

1.6

dry weight of the residue. The dry sample was further heated to
575°C, and this temperature maintained for 3 h. After cooling to
room temperature the ash content was determined gravimetri-
cally. The content of NaOH was calculated from the ash content
by multiplying by a correction factor of 1.29. Further details con-
cerning the correction factor can be found in our previous publica-
tion [27].

2.4.2. Hemicelluloses

The concentration of hemicelluloses was determined by first
degrading the hemicellulose molecules to monomeric sugars using
a standardized method for acid hydrolysis [28]. The concentration
of the monomeric sugars p-galactose, p-glucose, p-xylose, p-man-
nose, and L-arabinose was then measured using high-performance
anion-exchange chromatography coupled with pulsed ampero-
metric detection. The chromatography system (ICS-3000, Dionex
Corp., Sunnyvale, CA) was equipped with a Carbo Pac PA1 analyti-
cal column (Dionex Corp.). Deionized water was used as eluent at a
flow rate of 1 ml/min, and the column was cleaned with a solution
of 200 mM NaOH dissolved in 170 mM sodium acetate. The sample
injection volume was 10 pl. The concentration of hemicelluloses
was defined as the sum of the monomeric sugars after anhydro
corrections of 0.88 and 0.90 for pentoses and hexoses, respectively.

The molecular mass distribution of hemicelluloses was deter-
mined by size exclusion chromatography using a Waters 600E
chromatography system (Waters, Milford, MA) equipped with a
refractive index detector (model 410, Waters). The analytical col-
umn was packed with 30 cm Superdex 30 and 30 cm Superdex
200 (GE Healthcare, Uppsala, Sweden). A 125 mM NaOH solution
was used as eluent at a flow rate of 1 ml/min. The system was cal-
ibrated with polyethylene glycol standards with peak molecular
masses of 0.4, 4, 10 and 35 kg/mol (Merck Schuchardt OHG,
Hohenbrunn, Germany).

2.4.3. Acid-insoluble solids and acid-soluble lignin

In order to determine the content of acid-insoluble solids and
acid-soluble lignin the sample was first subjected to acid hydroly-
sis (standardized method [28]). Acid-insoluble solids were then re-
moved with a filter crucible with a maximal pore size of 16 um
(Schott AG, Mainz, Germany), and quantified gravimetrically after
drying for 24 h at 105 °C. The content of acid-soluble lignin was
determined by measuring the UV absorbance of the filtrate at a
wavelength of 320 nm in a spectrophotometer (UV-160, Shimadzu
Corp., Kyoto, Japan). An extinction coefficient of 301/g cm, was
used [29].

2.4.4. Viscosity and turbidity

Viscosity measurements were performed in a Kinexus Pro rota-
tional rheometer (Malvern Instruments Ltd., Worcestershire, UK)
using a cup-and-bob geometry. The torque range of the rheometer
was 0.05 uN m to 200 mN m. The system allowed the temperature
of the sample to be kept constant during the measurements. The
apparent viscosity was measured at a temperature of 80 °C in the
shear rate range 1-100s™'.

The turbidity was measured in a turbidimeter (2100P ISO,
HACH Co., Loveland, CO). The instrument was calibrated with sta-
bilized formazin standards (HACH) of 0, 20, 100, and 800 nephelo-
metric turbidity units (NTU).

3. Results and discussion
3.1. Composition of the hemicellulose solution

The concentration of hemicelluloses in the solution obtained
from the extraction process was about 7.9 g/1. Of the hemicellulose
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Fig. 2. Composition of total solids in the hemicellulose solution after extraction (in
wt%). The concentration of mannan in the solution was zero and is therefore not
included in the figure. The total solids content was 50.8 + 1.9 g/I.

molecules present, about 85 wt% was arabinoxylan, which is the
predominant hemicellulose in wheat bran. The average molecular
mass of hemicelluloses after extraction was about 90 kDa, indicat-
ing that the molecules were not significantly degraded during the
extraction process.

Hemicelluloses were defined as the sum of xylan, arabinan, glu-
can, galactan, and mannan and constituted about 16 wt% of the to-
tal solids (about 50.8 g/1) in the solution (see Fig. 2). The residual
solids are undesired impurities that must be removed from the fi-
nal product. Sodium hydroxide, used to solubilize the hemicellu-
loses in wheat bran during extraction, was the main impurity
present in the solution. The concentration of sodium hydroxide
was about 40 g/l, giving rise to a high solution pH of about 13.3.
Other impurities in the solution were particles and other acid-
insoluble substances that were derived from the wheat bran. The
turbidity of the solution due to the presence of particles was about
690 NTU, and the total concentration of acid-insoluble solids was
about 4.9 g/l. It was assumed that lignin, proteins, pectins, and fats
contribute to the fraction of acid-insoluble solids. The viscosity of
the solution was about 4.8 mPa s, measured at a temperature of
80°C and a shear rate of 100s~'. Thus, the solution was about
14 times more viscous than water.

3.2. Ultrdfiltration of the hemicellulose solution after extraction

The separation of hemicelluloses from impurities was first stud-
ied with the hemicellulose solution obtained from the extraction

80
60
=
&
E 40
X
i 20 *5m/s
A4 mls
O3 m/s
0
0.0 0.5 1.0 15 20

Transmembrane pressure (bar)

Fig. 3. Flux as a function of transmembrane pressure and cross-flow velocity during
ultrafiltration of the hemicellulose solution obtained from the extraction process.

process. A relatively low flux (<75 1/m? h) was observed in these
experiments, as show in Fig. 3. As expected, the flux increased with
TMP for all three cross-flow velocities. However, even at the high-
est cross-flow velocity of 5 m/s, the flux increase was only small
when the TMP exceeded 0.8 bar. This observation can be explained
by the formation of a gel layer on the membrane surface already at
a pressure below 1 bar. The formation of gel layers is a well-known
phenomenon that can cause flux limitation during ultrafiltration.
The presence of gel layers during membrane filtration of solutions
containing hemicelluloses has been reported previously, e.g., by
Persson et al. [17], Hasan et al. [30], and Schlesinger et al. [31].

A higher maximal flux was achieved during ultrafiltration by
increasing the cross-flow velocity, and thus the shear at the mem-
brane surface. It can be assumed that the higher shear reduces the
thickness of the gel layer and thus its resistance. However, this ef-
fect was not significant when increasing the cross-flow velocity
from 4 to 5 m/s; the maximal fluxes achieved at these cross-flow
velocities were very similar, i.e. 70 and 73 1/m? h.

High hemicellulose retention, about 96%, was observed during
ultrafiltration of the solution after extraction for all the operating
conditions. The retention of the undesirable acid-insoluble solids
was ~90%, whereas the major impurity, sodium hydroxide, was
found to pass through the ultrafiltration membrane almost freely
(retention of 3%). Thus, while hemicelluloses can be separated from
NaOH, only a small fraction of the acid-insoluble solids can be re-
moved from hemicelluloses by ultrafiltration. It can thus be con-
cluded that, apart from the relatively low flux (Fig. 3), acid-
insoluble solids in the final product could be a problem. Such
impurities would decrease the quality of oxygen barrier films pro-
duced from hemicelluloses after separation.

3.3. Improvement of the flux by prefiltration

Several researchers have shown that appropriate pretreatment
prior to membrane filtration can increase the flux by removing
impurities from a solution or by modifying them [16,32,33]. In
the present work, the hemicellulose solution obtained after extrac-
tion was pretreated by two filtration methods and the influence on
ultrafiltration performance was investigated.

Figs. 4 and 5 show the flux during ultrafiltration of the hemicel-
lulose solution after dead-end filtration and microfiltration under
various operating conditions. It can be seen that both prefiltration
methods increased the flux considerably. For example, at a cross-
flow velocity of 4 m/s and a TMP of 1.6 bar the flux without prefil-
tration was 70 I/m? h (Fig. 3), but increased to 225 and 440 [/m? h
after dead-end filtration and microfiltration, respectively. Koivula
et al. [32] observed similar flux improvement when pretreating
hemicelluloses-containing wood hydrolysate before ultrafiltration
using a pulsed corona discharge method. They reported a sixfold
increase in flux in their investigation.

The flux during ultrafiltration of a solution containing hemicel-
luloses extracted from wheat bran is significantly influenced by the
viscosity of the feed solution, as shown in our previous study [27].
Differences in the viscosity between the hemicellulose solution
after extraction and the solutions after prefiltration could therefore
explain the substantial increase in flux resulting from prefiltration.
Fig. 6 shows the apparent viscosity as a function of the shear rate
for the hemicellulose solution and the two solutions after prefiltra-
tion. It can be seen that the apparent viscosity was reduced mark-
edly by both prefiltration methods. At the highest shear rate, the
viscosity was 4.8 mPa s in the solution after extraction, but only
1.8 mPa s after dead-end filtration and 1.1 mPa s after microfiltra-
tion. Furthermore, the rheological behavior of the three solutions
differed considerably. While the solution obtained from the extrac-
tion process was sheer-thinning, i.e. the apparent viscosity de-
creased with increasing shear rate, the apparent viscosity of the
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Fig. 4. Ultrafiltration of the hemicellulose solution after dead-end filtration.
Influence of transmembrane pressure and cross-flow velocity on flux.
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Fig. 5. Ultrafiltration of the hemicellulose solution after microfiltration. Influence of
transmembrane pressure and cross-flow velocity on flux.
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Fig. 6. Apparent viscosity of the hemicellulose solution after extraction, dead-end
filtration and microfiltration. Measurements were performed at a temperature of
80°C.

solution after dead-end filtration and microfiltration was indepen-
dent of the shear rate (Newtonian behavior). These results showed
that both prefiltration techniques remove some of the substances

responsible for the high viscosity in the hemicellulose solution
after extraction.

3.4. Influence of prefiltration on the composition of the hemicellulose
solution

The flux during ultrafiltration could be increased by more than a
factor 3 by dead-end filtration and a factor 6 by microfiltration of
the hemicellulose solution (see Section 3.3). However, apart from
increasing the flux, it is important that the loss of hemicelluloses
is not significant in the prefiltration step. The influence of dead-
end filtration and microfiltration on the composition of the hemi-
cellulose solution was therefore investigated.

The two prefiltration techniques altered the concentration of the
main components in the solution to various degrees, as can be seen
in Table 2. After dead-end filtration the concentration of hemicellu-
loses was almost unchanged. The impurities NaOH and acid-soluble
lignin were not removed, but the concentration of acid-insoluble
solids was decreased significantly, from 4.9 g/l in the hemicellulose
solution to 2.2 g/lin the filtrate after dead-end filtration. Microfiltra-
tion was even more efficient in the removal of acid-insoluble solids.
However, this technique also reduced the concentration of hemicel-
luloses. As can be seen in Table 2, only about 4% of the hemicelluloses
was recovered in the permeate, thus using microfiltration for prefil-
tration will result in a considerable loss of product.

The high retention of hemicelluloses during microfiltration was
unexpected as hemicellulose molecules are significantly smaller
than the pore size of the microfiltration membrane. In addition,
the initial flux during microfiltration (data not shown) was found
to be of the same magnitude as the flux during ultrafiltration of
the hemicellulose solution after extraction, and thus surprisingly
low. These observations indicate that the membrane pore size is
of minor importance for its performance during membrane filtra-
tion of the hemicellulose solution after extraction. Instead, flux
and retention are largely determined by the gel layer formed on
the membrane surface. Previous investigations confirm that sec-
ondary layers formed on the surface of a microfiltration membrane
can lead to high retention of small macromolecules [30,34].

Fig. 7 presents the size distribution of hemicelluloses dissolved in
the solution after extraction, and in the solutions after prefiltration.
As expected, the size of the hemicelluloses molecules was similar in
the hemicellulose solution and the solution after dead-end filtration.
However, in the solution after microfiltration the fraction of hemi-
celluloses with high molecular mass (>10 kDa) was significantly
smaller, indicating that especially high-molecular mass hemicellu-
loses were lost during prefiltration by microfiltration.

3.5. Ultrdfiltration performance during concentration of hemicelluloses
after prefiltration

In an industrial separation process for isolating hemicelluloses
from a mixture after extraction, the impurities should be removed

Table 2
Concentration of various components in the hemicellulose solution after extraction,
and in the filtrate after dead-end filtration, and the permeate after microfiltration.

Total Hemicellulose  Filtrate after dead- ~ Permeate after
composition solution end filtration microfiltration
Total solids (g/l) 50.8+1.9 49.5+£0.7 41.9+0.9
NaOH (g/l) 40019 41804 40.7+06
Hemicelluloses 79403 7.8+03 0.3+0.1
(g/1)
Acid-insoluble 4905 2203 0.5%0.0
solids (g/1)
Acid-soluble 03+00 03+0.1 03+0.1
lignin (g/1)
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Fig. 7. Size distribution of the hemicelluloses in the solution after extraction, after
dead-end filtration, and after microfiltration.

with the ultrafiltration permeate, and the hemicelluloses be con-
centrated in the retentate. If such a concentration process is carried
out directly after extraction, low initial flux and considerable flux
decline with increasing hemicellulose concentration can be ex-
pected [27]. Achieving high concentration and purity of hemicellu-
loses will thus require a large membrane area during
ultrafiltration, decreasing the cost-efficiency of the process. For
this reason, the flux during the concentration of hemicelluloses
was studied for a solution that had been prefiltered prior to ultra-
filtration. A further aim of this concentration study was to investi-
gate the extent to which the concentration and purity of
hemicelluloses could be increased by ultrafiltration. The prefiltra-
tion method chosen for this concentration process was dead-end
filtration due to its positive effect on ultrafiltration flux and the
low product loss.

As shown in Fig. 8, high flux was observed during concentration
of the hemicellulose solution after prefiltration. The hemicelluloses
in the solution could be concentrated up to a volume reduction of
80%, at which time the experiment had to be stopped due to the
small volume remaining in the system. The average flux in the con-
centration experiment was 155 1/m?h, i.e. about twice the flux
achieved during ultrafiltration of the hemicellulose solution after
extraction (see Fig. 3). The viscosity of the solution increased stee-
ply at the end of the concentration process, explaining the more
significant flux decline at higher volume reduction.

Flux (I/m2h)

Viscosity (mPa s)

0 20 40 60 80 100
Volume reduction (%)
Fig. 8. Ultrafiltration flux and viscosity during concentration of hemicelluloses in a

solution prefiltered by dead-end filtration. Temperature 80 °C, cross-flow velocity
5m/s and transmembrane pressure 1.2 bar.
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Fig. 9. Concentration of hemicelluloses and NaOH, and purity of the hemicellulose
solution during the concentration process.

The initial concentration and purity of hemicelluloses in the
solution was about 7.6 g/l and 15%. Due to the high retention of
hemicelluloses (~90%) and the low retention of NaOH (~3%) hemi-
celluloses were concentrated and purified with increasing volume
reduction. At the end of the experiment the hemicellulose concen-
tration increased to 31.6 g/1. At the same time, the concentration of
the main impurity, NaOH, remained almost constant (see Fig. 9). As
a consequence, the purity of hemicelluloses in the solution in-
creased from 15 to 31%. In Fig. 9 it can be seen that the most sig-
nificant increase in hemicellulose concentration occurred
towards the end of concentration. Thus, achieving a volume reduc-
tion greater than 80% could be beneficial, as this would provide a
more concentrated hemicellulose stream with higher purity. The
use of diafiltration subsequent to the concentration process could
further increase the product purity by enhancing the removal of
NaOH.

4. Conclusions

Hemicelluloses extracted from wheat bran can be concentrated
and purified by ultrafiltration. The objective of this work was to
investigate whether the performance of ultrafiltration could be im-
proved by prefiltering the hemicellulose solution. Using microfil-
tration prior to ultrafiltration was found to have a detrimental
effect on product yield, and is therefore not recommended. How-
ever, the use of dead-end filtration improved ultrafiltration perfor-
mance considerably. The flux was increased more than threefold. A
smaller ultrafiltration plant would thus be required if the solution
were to be prefiltered after extraction, resulting in a lower invest-
ment cost. Furthermore, dead-end filtration enhanced the removal
of undesirable acid-insoluble solids. Thus, as well as increasing
flux, the product purity was increased. After dead-end filtration it
was possible to concentrate hemicelluloses from 7.6 to 31.6 g/ at
a high average flux of 155 1/m? h. While the retention of hemicel-
luloses was high (~90%), the main impurity (NaOH) could pass
through the membrane almost freely. The results of this investiga-
tion indicate that an additional prefiltration step after hemicellu-
lose extraction, consisting of dead-end filtration, can improve
cost-efficiency and product quality during the recovery of hemicel-
luloses from wheat bran.
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Evaluation of membrane performance and cost estimates
during recovery of sodium hydroxide in a hemicellulose
extraction process by nanofiltration
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Abstract

The recovery of the alkaline solvent from a residual stream after the extraction of
hemicelluloses in wheat bran was investigated. The solution was withdrawn from an
ultrafiltration (UF) process in which hemicelluloses were recovered. The UF permeate,
containing mainly NaOH, lignin and mono- and oligosaccharides, was treated by
nanofiltration (NF). Seven NF membranes were tested in a parametric study, and the two
membranes showing the best performance were further evaluated in a concentration study.
The mean flux of a Koch SelRO MPF 36 and a Microdyn-Nadir NPO10 membrane was
about 200 I/m? h during concentration to a volume reduction of 0.75. The retention of
NaOH was <20%, while the retention of lignin and sugars was about 70% and >95%,
respectively. Cost estimates for a NaOH recovery process indicated that an NF plant would
have a pay-back time of less than two months if the plant was run continuously, and seven
months if it was used 25% of the time.
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1. Introduction

Hemicelluloses in wheat bran and barley husks can be recovered by alkaline extraction
using sodium hydroxide (NaOH) [1-4]. The dissolved hemicelluloses can then be
concentrated and purified by ultrafiltration (UF) [5,6], and used for the production of
oxygen barrier films for food packaging [7,8]. The UF permeate is regarded as waste water.
However, if it would be possible to remove lignin and low-molecular mass sugars, NaOH
in the UF permeate could be reused in the alkaline extraction process. One feasible way of
doing this is by nanofiltration (NF).

Although NF is an established technique for the regeneration of alkaline clean-in-place
solutions in the food industry [9,10] only a limited number of investigations on using NF
for the recovery of alkaline solvents in biorefinery processes have been published [11,12].

The objective of this study was to investigate the removal of organic impurities (lignin and
sugars) from an alkaline hemicellulose extraction solution by NF to obtain an NF permeate
pure enough to be reused for alkaline extraction of agricultural residues, and thus reduce
the cost of NaOH. The performance of seven NF membranes with cut-offs in the interval
200-1400 Da was first evaluated in a parametric study. The two membranes showing the
best performance were further investigated in a concentration study. Cost estimates of the
NF process were made based on experimental data from this study, together with data from

membrane manufacturers, and our own experience of similar installations.

2. Materials and methods

2.1.  Process solution

The process solution used in the experiments of this work was withdrawn from a
hemicellulose isolation process. In this process hemicelluloses are first extracted from wheat
bran using NaOH. The alkaline extract is subsequently prefiltered in a filter press and
hemicelluloses then concentrated by ultrafiltration using a 10 kDa ceramic membrane. The
UF permeate is a waste water, containing a substantial amount of NaOH that could be
reused for extraction. UF permeate was used as feed in the NF experiments. Its
composition is given in Table 1.



Table 1
Characteristics of the process solution used in the experiments. UV absorbance at 280 nm is a
measure of lz'gnz'n content. Concentrations are average values ﬁam ez'g/]t experiments.

Process solution

Total solids (g/1) 43.4
NaOH (g/1) 41.0
UV absorbance 33.7
Sugars (g/l) 0.69
Arabinan (g/1) 0.11
Galactan (g/l) 0.04
Glucan (g/l) 0.21
Xylan (g/1) 0.33

2.2.  Membranes

The performance of seven alkali resistant NF membranes was investigated in a parametric
study. The characteristics of the membranes are given in Table 2. Four flat-sheet polymeric
and two hollow-fibre polymeric NF membranes with nominal cut-offs from 200 to 1400
Da were used. The inner diameter of the hollow-fibre membranes from Pentair Inc. was
0.8 mm, and the modules contained 100 hollow-fibres, 1 m long. The ceramic membrane
from Tami Industries was 1.2 m long and had eight parallel flow channels with an inner
diameter of 6 mm.
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2.3.  Equipment

Two experimental setups were used in the investigation; one in the experiments with
polymeric membranes, and the other in the experiment with the ceramic membrane. The
main components of the laboratory equipment used in the polymeric membrane
experiments were an isolated and heat controlled tank, a displacement pump (Hydra-cell
D25XL, Wanner, Minneapolis, MN, USA) and either four flat-sheet membrane modules
connected in parallel, (shown in Fig. 1), a hollow-fibre module or a DDS 20 plate-and-
frame module (Alfa Laval A/S, Nakskov, Denmark). A Pt-100 temperature sensor
(Pentronic, Gunnebo, Sweden) was immersed in the feed tank and connected to a
temperature regulator (Shinko MCM, Shinko Europe BV, Haarsteeg, the Netherlands)
controlling the temperature in the feed tank by an electrical heater. The pump was
connected to a frequency converter (ELEX 4000, Bergkvist & Co AB, Gothenburg,
Sweden) controlling the flow rate. The permeate flow was measured with an electronic
balance (PL6001-S, Mettler-Toledo Inc., Columbus, OH, USA).

Pl

Tank I_| I_| —I_|
— ] ] ] | ] Modules

_ I I I
= = = = =

Balances

Fig. 1. Flow sheet of the equipment used in the flat-sheet membrane experiments.

F = flow meter, P = pressure transmitter and T = temperature sensor.

The setup with four modules connected in parallel was used in the parametric studies with
the flat-sheet membranes. Each module was equipped with a circular flat membrane with
an area of 0.00196 m?. Duplicates of each membrane were studied simultaneously, i.e., two
samples from one membrane in two modules and two samples from another membrane in
the other two modules. During the concentration studies, the same flat-sheet membrane
was used in all four modules.



In the experiments with hollow-fibre membranes, the flat-sheet membrane modules were
replaced with a single hollow-fibre module. The membrane area of each hollow-fibre
membrane element was 0.23 m?. A concentration study with one membrane was carried
out in the DDS 20 module. This module was equipped with four double-sided membrane
discs with a total membrane area of 0.144 m?.

The second setup was used in the parametric study with the ceramic membrane. In this
experiment the same equipment was used as in the UF experiment, described in a previous
article [6]. The membrane area of the ceramic membrane was 0.20 m?.

2.4.  Experimental procedure

All membranes were cleaned for 1 h before and after each experiment, using a 0.5 wt%
solution of the alkaline cleaning agent Ultrasil 10 (Ecolab AB, Alvsjs, Sweden) for the
polymeric membranes, and Ultrasil 11 (Ecolab) for the ceramic membrane. After cleaning,
the membranes were rinsed thoroughly with deionized water in order to wash out the
cleaning agent from the system, and the pure water flux was measured at 30°C.

During the parametric studies, both the retentate and the permeate were recycled to the
feed tank in order to keep the concentration constant. The temperature during the
experiments with the membranes from Tami and Microdyn-Nadir was 80°C, which is the
operating temperature during the UF stage in the hemicellulose extraction process.
Experiments were performed at maximum temperature of the other polymeric membranes,
which means that the temperature was 40°C and 60°C in the experiments with membranes
from Pentair and Koch. Cross-flow velocities recommended by the manufacturers were
used. The cross-flow velocities were 0.45 and 0.90 m/s during experiments with the
polymeric membranes and 3, 4 and 5 m/s in the experiment with the ceramic membrane.
The transmembrane pressure (TMP) was first increased stepwise at the highest cross-flow
velocity in order to reduce the influence of a possible cake layer on the membrane. The
TMP was then decreased to the initial value, and the cross-flow velocity reduced. TMP was
increased once again at the lower velocity. The flux was recorded at each combination of
cross-flow velocity and TMP for about 15 min before samples were withdrawn from the
permeate and the feed tank.

The Koch SelRO MPF 36 and Microdyn-Nadir NP010 membranes were found to be the
most suitable in the parametric studies, and were thus used in a concentration study.
During the concentration study, the same flat-sheet membrane was used in all four
modules (Fig. 1). Both retentate and permeate were initially recycled to the feed tank, while
the TMP was gradually increased to the final operating pressure of 15 bar. The
concentration was then increased by withdrawal of permeate while recirculating the
retentate. The cross-flow velocity was 0.9 m/s for both membranes, and the temperature
used was 70°C during the experiment with the MPF 36 membrane and 80°C during the
experiment with the NPO10 membrane. The higher temperature used with the MPF 36
membrane in the concentration study (70°C) than in the parametric study (60°C) is due to



the pressure-dependent maximum temperature of the MPF 36 membrane (Table 2). The
experiment was interrupted at a volume reduction (VR) of 0.75, corresponding to a volume
reduction factor (VRF) of 4. VR is defined as the ratio between the volume of the permeate
and the initial volume of the feed. VRF is the ratio between the initial feed volume and the
volume of the resulting retentate. The correlation between VRF and VR is:

!
~ (1-VR)

VRF )

The Microdyn-Nadir NP010 membrane was used in the concentration study in the DDS
20 module. The TMP was 15 bar, the cross-flow velocity was 0.9 m/s and the temperature
was 80°C. NF was carried out to a VR of 0.93 (VRF 14) in the DDS module.

2.5.  Analysis

The solids content was determined by weighing the sample before and after drying at
105°C. The ash content was determined by weighing the residue after heating to 575°C.
The content of NaOH was then calculated from the ash content by multiplication with a
correction factor of 1.29, as described previously [5]. The concentration of inorganic
cations was determined by inductively coupled plasma atomic emission spectroscopy (ICP

AES) with a Perkin Elmer (MA, USA) Optima 3000DV ICP AES instrument.

The concentration of sugars was determined by first degrading hemicellulose molecules to
monomeric sugars using a standardized method for acid hydrolysis [13]. The concentration
of the monomeric sugars D-galactose, D-glucose, D-xylose, D-mannose, and L-arabinose
was then measured using high-performance anion-exchange chromatography coupled with
pulsed amperometric detection [6].

The concentration of lignin was determined by measuring the UV absorbance at a
wavelength of 280 nm in a spectrophotometer (UV-160, Shimadzu Corp., Kyoto, Japan).
It should be noted that besides lignin, pectin degradation products have strong UV
absorbance at 280 nm [14]. Thus, the presence of these substances could lead to an
overestimation of the lignin concentration.

The molecular mass distribution of hemicelluloses and lignin was determined by size
exclusion chromatography using a Waters 600E chromatography system (Waters, Milford,
MA, USA) equipped with a refractive index detector (model 2414, Waters) and an
ultraviolet detector operating at 280 nm (486, Waters). The analytical column was packed
with 30 cm Superdex 30 and 30 cm Superdex 200 (GE Healthcare, Uppsala, Sweden). A
125 mM NaOH solution was used as eluent at a flow rate of 1 ml/min. The system was
calibrated with polyethylene glycol (PEG) standards with peak molecular masses of 0.4, 4,
10 and 35 kDa (Merck Schucharde OHG, Hohenbrunn, Germany).
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3. Results

3.1.  Parametric study

The influence of TMP and cross-flow velocity on the performance of seven membranes was
studied in a parametric study. Experiments were performed at maximum temperature of
the membranes from Pentair (40°C) and Koch (60°C), and at 80°C with the membranes
from Tami and Microdyn-Nadir.

3.1.1.  Effects on flux

MPF 36 is the more open of the two Koch membranes studied. The flux through this
membrane was 470 1/m? h at a cross-flow velocity of 0.9 m/s and TMP of 15 bar, while the
flux through the denser MPF 34 membrane was only 25 I/m? h under the same conditions.
The influence of the cross-flow velocity on the flux through the MPF 36 membrane was
significant, whereas the flux through the MPF 34 membrane was almost unaffected by the
cross-flow Velociry, as can be seen in Fig. 2a. The cross-flow Velocity indcpendcncy of flux
of the MPF 34 membrane has also been observed by other researchers during NF of similar
alkaline process solutions [10].

a) b)
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Fig. 2. Influence of transmembrane pressure on the flux of a) the two MPF membranes and
b) the NP010 and NP030 membranes, at cross-flow velocities of 0.9 m/s (filled symbols)
and 0.45 m/s (open symbols).

The flux of the more open Microdyn—Nadir membrane, NP010, was almost the same as
that of the more open Koch membrane. The flux of NP010 was 480 I/m? h at 15 bar, while
the flux of the denser NP030 membrane was only 190 I/m? h. As in the case of the two
Koch membranes, the flux of the more open membrane was markedly higher at the higher
cross-flow velocity, as shown in Fig. 2b. The marked influence of cross-flow velocity on
flux for the two high-flux membranes MPF 36 and NP010 is presumably due to the more

pronounced concentration polarization at high—ﬂux conditions.



Flux (/m? h)

The flux through the hollow-fibre membranes manufactured by Pentair Inc. was
unexpectedly high, already at relatively low TMP. The flux through the HFC 3 and HFR 2
membranes was 380 1/m? h, and 100 /m? h, respectively, already at 5 bar. The flux was also
independent of cross-flow velocity, as can be seen in Fig. 3a.
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Fig. 3. Influence of transmembrane pressure on the flux of a) the two Pentair Inc.
membranes at cross-flow velocities of 0.9 m/s (filled symbols) and 0.45 m/s (open symbols)
and b) the Tami Inside membrane at three cross-flow velocities. Note the difference in the
scales on the x-axis compared with Fig. 2.

The flux of the Tami membrane also increased rapidly with TMP and was 450 1/m* h
already at 2.5 bar. The flux of this membrane was also independent of cross-flow velocity at

the three velocities studied, as can be seen in Fig. 3b.

3.1.2. Retention of the NF membranes

As the objective of NF was to purify the NaOH solution, i.e. to retain all the components
except NaOH, the retention (defined as one minus the ratio of the permeate concentration
over the feed concentration) of NaOH must be low and the retention of lignin and sugars
high. In Fig. 4 it is shown that the retention of sugars was >80%, and the retention of
lignin >50% for four of the seven membranes investigated. The low retention of the
HFR2, HFC 3 and Tami membrane explains the high, and almost, linear TMP
dependence of flux (see Fig. 3).
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Fig. 4. Average retention of NaOH, sugars and lignin at the highest cross-flow velocity in
the parametric studies shown in Figs. 2 and 3.

MPF 34 showed the highest retention of lignin and sugar, 99.5% and 99.9%. However,
the retention of NaOH was also high, almost 30%, which means that the recovery of
NaOH will be low. MPF 34 was considered to have too high retention of NaOH and too
low flux to be useful in this application. However, this membrane has previously been used
in harsh alkaline environments, for example, in the regeneration of caustic spent clean-in-
place solutions in dairies [9]. If a very pure NF permeate is needed, this membrane is the
natural candidate as it was the only one showing almost complete retention of lignin and
sugar.

The retention of lignin and sugars by the MPF 36 membrane was somewhat lower, but the
flux was markedly higher than for MPF 34. The retention of lignin and sugars by the
Pentair and Tami membranes was too low for them to be suitable for this application. The
retention of all three compounds by the NP030 and NP010 membranes was similar, but
the flux of the NP0O10 membrane was markedly higher. MPF 36 and NP010 were thus
considered to have the best performance and were further investigated in a concentration

study.
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3.2.  Concentration study

3.2.1. Flux

The flux of the two membranes as a function of concentration (volume reduction) is shown
in Fig. 5. The initial flux of the NPO10 membrane was similar to that during the
parametric study, whereas the initial flux of the MPF 36 membrane was lower due to the
higher sugar concentration in the process solution used in the concentration study. The
NP010 membrane showed a faster decline in flux with increasing VR.  During
concentration to a VR of 0.75, the average flux of the NP010 membrane was 205 [/m* h
and that of the MPF 36 membrane 190 I/m? h.
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Fig. 5. Flux during concentration of process solution with the best two NF membranes.
The cross-flow velocity was 0.9 m/s and the TMP was 15 bar. The temperature was 70°C
(MPF 36) or 80°C (NP010).

3.2.2. Concentration in the permeate

The normalized concentration in the permeate (the ratio between the concentration in the
permeate and the initial feed concentration) during VR is shown in Fig. 6. The
concentration of NaOH was almost the same as in the feed and the concentration of sugars
almost zero, whereas the normalized concentration of lignin was 0.26 (MPF 36) and 0.46
(NP010) initially, and increased with increasing VR. The mean retention of NaOH, lignin
and sugars was 20%, 77% and 97%, respectively, for the MPF 36 membrane and 16%,
69% and 95%, respectively, for the NPO10 membrane. The concentration of all three
components in the permeate increased slightly during VR, as can be seen in Fig. 6. The
concentration of NaOH in the permeate using the MPF 36 membrane was 36 g/l and in
the permeate from the NP010 membrane 38 g/l, compared with 41 g/l in the feed.
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Fig. 6. Normalized concentration of NaOH (®), lignin (A) and sugars (O) in the permeate
using: a) the MPF 36 membrane and b) the NP010 membrane. The normalized
concentration is the ratio between the concentration in the permeate and the concentration

in the feed at VR 0.

The molecular mass of both lignin (measured as UV absorbance at 280 nm) and sugars
(measured as refractive index) was lower in the NF permeate than in the feed, as shown in
Fig. 7. No molecules larger than 4 kDa were found in the permeate, which means that
high-molecular mass components were retained by the membrane.
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Fig. 7. Molecular mass distribution of a) lignin (measured as UV absorbance at 280 nm)
and b) sugars (measured as refractive index) in the feed and permeate at the beginning of
concentration using the Koch MPF 36 membrane. The vertical dashed lines indicate the
molecular masses (kDa) of the PEG standards (given at the top of the figures).

4. Cost estimates

In order to reach higher VR than in the setup shown in Fig. 1, process solution was
concentrated in a DDS 20 plate-and-frame module with the NP010 membrane from
Microdyn-Nadir. The average flux was 206 I/m? h when concentrating to a VR of 0.93.
The flux during concentration is shown in Fig. 8. A crystalline precipitate, found to contain
mostly calcium when analysed by ICP AES, was observed in the cold retentate samples at
concentrations above VR 0.8. A steep increase in ash content was observed at VR >0.8,
which is also an indication of increased risk of scaling at higher VR. A maximum VR of 0.8
is therefore recommended in a commercial plant.

13
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Fig. 8. Flux during concentration of process solution in a plate-and-frame module with the
NPO010 membrane from Microdyn-Nadir. The TMP was 15 bar, the cross-flow velocity 0.9
m/s, and the temperature 80°C. The dashed lines indicate the final VR recommended in a
full-scale plant (0.8), and the flux at this VR (140 I/m? h).

The cost of an NF plant treating 10 m*/h process solution was estimated based on the
results of the concentration study and data obtained from membrane manufacturers. It was
assumed that the plant will be equipped with a feed pump, a recirculation pump and a
housing containing three spiral-wound membrane elements (Microdyn-Nadir OX-
NP8040) in series with the NPO10 membrane. It was also assumed that the plant will
operate at a flux of 140 1/m? h, corresponding to the flux at the final VR (0.8). The
experimental data used in the cost estimates are given in Table 3.

Table 3

Experimental data used in the cost estimates.

Feed flow (m?/h) 10
Volume reduction 0.80
Flux (I/m?* h) 140
Transmembrane pressure (bar) 15
Cross-flow in an element (m?/h) 13.9*
Max. frictional pressure drop in an element at 80°C (bar) 0.5*
NaOH concentration in the NF permeate (g/1) 39

* Cross-flow and maximum frictional pressure drop for a Microdyn-Nadir 8040 membrane element
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The membrane area of an 8040 membrane element with a 44 mil spacer is 27.5 m* The
lifetime of the membranes was assumed to be 18 months if the plant is operated
continuously. It was assumed that the membranes will be cleaned every second day during
periods when the plant is in operation. The cost of cleaning with a commercial alkaline
cleaning agent is 50 € per m” and year when cleaning every second day [15]. Maintenance
and labour costs were estimated to be 2% of the investment cost [16]. The cost of NaOH is
about 0.35 k€ per tonne when purchasing large amounts. The parameters included in the
calculations are given in Table 4.

Table 4

Parameters included in the cost estimates.

Basic installation cost (€) 115 000
Membrane cost (less housing) (€/m?) 95
Membrane area of a membrane element (m?) 27.5
Membrane lifetime with full-time use (months) 18
Electricity price (€/kWh) 0.04
Pump efficiency 0.8
Cleaning cost (€/m? year) 50
Maintenance and labour cost (% of investment )
cost/year)

Cost of NaOH (k€/tonne) 0.35

4.1. Investment cost

The investment cost is composed of the cost of the basic plant and the cost of the
membrane elements. The membrane area required, based on the flux obtained in the
concentration study, is 57 m* The total membrane area of three 8040 membrane elements
is 82.5 m? which allows both a lower flux than that achieved in this study, and daily
cleaning of membranes, if necessary. The investment cost (including the first set of
membranes) will be 123 k€.
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4.2.  Operating costs

The operating costs consist of electricity, replacement of membranes, cleaning,
maintenance and labour costs. Electricity is needed mostly for pumping. A feed pump will
be needed to deliver the inlet pressure of the plant and a recirculation pump will be needed
to compensate for the frictional pressure drop and to maintain the circulation flow in the
housing. The energy required per m? permeate in the feed pump is given by [15]:

pinlet
W, = -
feed n VR

and in the recirculation pump:

A . -
Wrecirc = il QhOUS'”Q (3)
n- [‘] ' Ahousing )

where piu is the inlet pressure to the plant, 7 is the pump efficiency, Aprand J are the
frictional pressure drop and the flux in the housing, Qs is the feed flow in the housing
and Ajousing is the total membrane area in the housing. The energy required by the feed
pump is thus 0.68 kWh/m? permeate and by the recirculation pump, 0.09 kWh/m?.

The operating cost and the savings from the recovery of NaOH depend on the degree of
use of the NF plant. Two scenarios were considered (see Table 5). In the first, it was
assumed that the plant would be run continuously (8,000 h/year), and in the second only
25% of the time (2,000 h/year). The investment cost is the same in both scenarios
(123 k€), but operating costs and savings are lower in alternative 2. The pay-back time will
be less than two months if the plant is run continuously, and seven months when run at
25% capacity.

Table 5
Cost estimates for two scenarios: full-time use (8,000 hly) and 25% use (2,000 hly)

Operating time (h/year)

8,000 2,000
NaOH recovered (tonne/year) 2,496 624
Savings due to recovery of NaOH (k€/year) 880 220
Operating costs (k€/year) 13.8 3.4
Electricity (k€/year) 2.0 0.5
Membrane replacement (k€/year) 5.2 1.3
Cleaning (k€/year) 4.1 1.0
Maintenance and labour (k€/year) 2.5 0.6
Pay-back time (months) 2 7
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5. Conclusions

The alkaline extraction solution remaining after the recovery of hemicelluloses by UF can
be purified by NF and reused for the extraction of biomass compounds. In this
investigation a 4% NaOH solution used for the extraction of hemicelluloses in wheat bran
was puriﬁed by NF. A preliminary cost estimate indicates a short pay—back time, although
makeup with new NaOH will be needed as some NaOH will be retained by NF. However,
the reduction in the cost of chemicals and discharge fees makes NF a promising method for
the recovery of NaOH in alkaline extraction processes.
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