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University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 485, 2014
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Limited oil resources, environmental concerns and legislation promoting renewable energy and
restricting carbon dioxide emissions have increased biofuel production in recent years. Other
alternatives besides bioethanol and biodiesel are also needed to fulfil the continuously increasing
transportation fuel demand. Production processes should be material, energy and resource
efficient and sustainable, i.e. causing as low negative economic, environmental and social impacts
as possible. There are still some limitations and development areas to be solved before feasible
industrial biofuels and biochemicals production processes are obtained.

The production of biobutanol and bioethanol was studied in this work. Production processes,
challenges and improvement requirements were considered especially in the case of the Acetone-
Butanol-Ethanol (ABE) fermentation process. In addition, the sustainability assessment of
biofuels production was discussed and an indicator-based approach to sustainability evaluation for
different raw materials was used. Pervaporation as a product removal and purification method was
experimentally studied. Two different applications were tested: a hydrophobic composite
membrane with polydimethyl siloxane and polyacrylonitrile layers was used for the separation of
acetone, n-butanol and ethanol from dilute aqueous solutions on a laboratory scale, and a
hydrophilic polyvinyl alcohol membrane was applied for the dehydration of bioethanol at a pilot-
scale.

Results indicated that pervaporation can be used as a separation technique in biofuels
production processes. New knowledge obtained during the research also promotes the efficient
and sustainable production of biofuels and biochemicals and the development of industrial-scale
applications.

Keywords: biofuels, biorefinery, ethanol, membrane technology, n-butanol,
pervaporation, sustainability





Niemistö, Johanna, Kohti kestävää ja tehokasta biopolttoaineiden tuotantoa.
Pervaporaatio tuotteiden erotuksessa ja puhdistuksessa
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 485, 2014
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Rajalliset öljyvarannot, huoli ympäristöstä sekä uusiutuvaa energiaa tukeva ja hiilidioksidipääs-
töjä rajoittava lainsäädäntö ovat lisänneet biomassapohjaisten polttoaineiden ja kemikaalien val-
mistusta ja käyttöä viime vuosina. Jatkuvasti kasvavan polttoainetarpeen täyttämiseksi tarvitaan
myös muita vaihtoehtoja nykyisin käytössä olevien bioetanolin ja -dieselin lisäksi. Tuotantopro-
sessien tulisi olla materiaali-, energia- ja kustannustehokkaita sekä kestäviä aiheuttaen mahdolli-
simman vähän haitallisia taloudellisia, sosiaalisia ja ympäristöllisiä vaikutuksia. Biokemiallisis-
sa, käymisen avulla tapahtuvissa polttoaineiden valmistusprosesseissa on kuitenkin vielä rajoit-
teita ja kehitystarpeita, jotka tulee ratkaista kannattavan teollisen mittakaavan tuotannon mah-
dollistamiseksi.

Tässä työssä tutkittiin biopolttoaineiden, erityisesti biobutanolin ja -etanolin, valmistusta.
Tuotantoprosesseja on esitelty työssä haasteiden ja kehitystarpeiden näkökulmasta. Lisäksi on
käsitelty biopolttoaineiden tuotannon kestävyyden arviointia ja osoitettiin tapa verrata eri raaka-
aineiden kestävyyttä valittujen indikaattoreiden avulla. Työn kokeellisessa osuudessa tutkittiin
pervaporaatiota tuotteiden (asetoni, n-butanoli, etanoli) erotuksessa ja puhdistuksessa. Kahta eri
sovellusta testattiin: hybrofobista polydimetyylisiloksaani- ja polyakrylonitriili-kerroksista koos-
tuvaa komposiittikalvoa käytettiin asetonin, n-butanolin ja etanolin erottamiseen erilaisista vesi-
liuoksista laboratoriomittakaavan laitteistolla sekä hydrofiilistä, polyvinyylialkoholi-kalvoa bio-
etanolin vedenpoistoon pilot-mittakaavassa. Lisäksi testattiin aktiivihiilisuodatuksen käyttöä
bioetanolin esipuhdistuksessa haitallisten komponenttien osalta ennen pervaporaatiota.

Koetulokset osoittavat, että pervaporaatiota voidaan käyttää biopolttoaine-sovellusten erotus-
menetelmänä. Tutkimuksen aikana saatu uusi tieto edistää biomassapohjaisten polttoaineiden ja
kemikaalien tehokasta ja kestävää tuotantoa ja kehitystä kohti teollisen mittakaavan sovelluksia.

Asiasanat: biojalostamo, biopolttoaineet, etanoli, kalvoerotustekniikka, kestävä kehitys,
n-butanoli, pervaporaatio
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List of symbols and abbreviations 

Latin symbols 

A Effective membrane area (m2) 

J Permeation flux (g m-2 h-1) 

l Membrane thickness (m) 

m Weight of the permeate (g) 

P Membrane permeability (g m m-2 h kPa-1) 

p Pressure (kPa) 

Q Membrane permeance (g m-2 h kPa-1) 

t Time of permeation (h) 

w Mass concentration (%) 

X Mole fraction in the feed (mol mol-1) 

x Mass fraction in the feed (g g-1) 

Y Mole fraction in the permeate (mol mol-1) 

y Mass fraction in the permeate (g g-1) 

Greek symbols 

α Selectivity (Paper V) 

α Separation factor (Paper IV) 

β Separation factor (Paper V) 

γ Activity coefficient 

ε Dielectric constant 

δd Hansen dispersion solubility parameter (MPa1/2) 

δp Hansen polar solubility parameter (MPa1/2) 

δh Hansen hydrogen bonding solubility parameter (MPa1/2) 

μ Chemical potential 

ΔPDMS,i Hansen solubility (distance) parameter for the polymer and 

component interactions 

Δw,i Hansen solubility (distance) parameter for the organic solvent and 

water interactions 
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Subscripts 

EtOH Ethanol 

f Feed 

H2O Water 

i  Component i (e.g. butanol) 

m Membrane 

p Permeate 

t Total (flux) 

w Water 

Superscripts 

p Permeate 

sat Saturated (vapour pressure) 

Abbreviations 

A Acetone 

ABE Acetone-Butanol-Ethanol  

ADP Adenosine diphosphate 

ATP Adenosine triphosphate 

B Butanol 

BR Batch reactor 

CBP Consolidated bioprocessing 

CSTR Continuous stirred tank reactor 

DMC Dimethyl carbonate 

DDGS Dried distillers’ grains and solubles 

DfE Design for the environment 

E Ethanol 

EU European Union 

FBR Fluidized bed reactor 

FCDA Furan-2,5-dicarboxylic acid 

FQD Fuel Quality Directive 

GC Gas chromatograph 

GHG Greenhouse gas 

5-HMF 5-hydroxymethylfurfural 
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HMR Hydroxymatairesinol 

HSP Hansen solubility parameter 

IL Ionic liquid 

ILUC In-direct land use change 

ISPR In situ product removal 

kgoe kilograms of oil equivalent 

LCA Life cycle assessment 

LCI Life cycle inventory 

LUC Land use change 

MF Microfiltration 

MON Motor octane number 

MTBE Methyl tert-butyl ether 

MWCO Molecular weight cut-off 

NAD+ Nicotinamide adenine dinucleotide 

NADH  Reduced nicotinamide adenine dinucleotide 

NF Nanofiltration 

NMR Nuclear magnetic resonance 

NRTL Non-random two-liquid (coefficient model) 

·OH Hydroxyl radical 

PAN Polyacrylonitrile 

PBR Packed bed reactor 

PEBA Polyether block amide 

PDMS Polydimethylsiloxane 

PMS Poly(methoxy siloxane) 

PP Polypropylene 

PSA Pressure swing adsorption 

PSI Pervaporation separation index 

PTFE Polytetrafluoroethylene 

PTMSP Poly(1-trimethylsilyl-1-propyne) 

PV Pervaporation 

PVA Polyvinyl alcohol 

PVDF Polyvinylidene fluoride 

RED Renewable Energy Directive 

RON Research octane number 

ScCO2 Supercritical carbon dioxide 

SEM Scanning electron microscope 

SHF Separate hydrolysis and fermentation 
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SSF Simultaneous saccharification and fermentation 

TDC Thermal conductivity detector 

UF Ultrafiltration 

VOC Volatile organic compound 

VP Vapour permeation 

 

AIChE American Institute of Chemical Engineers 

CEN European Committee for Standardization 

EFCE European Federation of Chemical Engineering 

EPA United States Environmental Protection Agency 

SFS Finnish Standards Association 

GFT Gesellschaft für Trenntechnik 

GREET Greenhouse Gases, Regulated Emissions and Energy Use in 

Transportation 

IChemE Institution of Chemical Engineers 

ISO International Organization for Standardization 

IUCN International Union for Conservation of Nature Transportation 

NREL National Renewable Energy Laboratory 

WCED World Commission of Environmental and Development 
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1 Introduction 

The interest in the production of chemicals and fuels from renewable resources 

has continuously increased during the last decade. The reasons for this trend 

include limited resources of fossil fuels, the continuously increasing price of 

fossil-based fuels and concerns about the environment. Besides economic and 

environmental benefits, the dependence on fossil-based fuels can also be 

overcome by the sustainable production of biofuels. Further, the development of 

realistic and efficient production processes enables the regional production of 

biofuels and promotes employment especially in rural areas. 

Political decisions and international agreements also have a big role in energy 

issues these days. Regional and national energy policies and legislation are also 

promoting the use of biofuels and restricting the release of carbon dioxide (CO2) 

and other emissions into the atmosphere. For instance, the European Union has 

set targets for biofuel and energy usage in the Member States: according to the 

European Union’s Renewable Energy Directive (RED), the target value for 

biofuels’ share in the transportation sector is 10% by 2020 (Directive 

2009/28/EC). Several countries worldwide have their own targets, legislation and 

taxation for biofuels (Sorda et al. 2010). 

Bioethanol and biodiesel are currently the primary liquid biofuels in the 

transportation sector. Between 2000 and 2011, the worldwide ethanol production 

from various biomasses increased from 17.0 to 86.1 billion litres per year, while 

the growth of biodiesel production was from 0.8 to 21.4 billion litres per year 

(REN21 2012: 37). The traditional transportation sector still relies heavily on 

petroleum and the share of these two biofuels was only about 3% of the global 

road transportation fuels in 2011 (REN21 2012: 26). Further, global energy and 

fuel demand is still rising due to the increasing use of energy and cars, especially 

in developing countries. 

Besides bioethanol and biodiesel, there is also a place for other liquid 

biofuels in order to meet fuel demands in the future. Biobutanol is seen as a 

potential option as a fuel additive or a direct replacement for gasoline or diesel. 

Fuel properties of conventional gasoline and biofuels used in the transportation 

sector are compared in Table 1. It can be seen that biobutanol has superior fuel 

properties compared to ethanol. In addition, butanol also has several other 

utilisation possibilities such as a solvent or a carbon compound in chemical 

industry. 
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Table 1. Properties of gasoline and biofuels used in transportation. 

Fuel property Gasoline (Bio)Butanol (Bio)Ethanol Biodiesel Reference 

Chemical 

structure 

C4 to C12 CH3CH2CH2CH2OH CH3CH2OH Methyl esters of 

C12 to C22 and 

fatty acids 

(USDOE 2013) 

Carbon ratio (%) 86.3 64.9 52.2 77.6 (GREET 2012) 

Density (g L-1) 744.7 809.7 789.3 887.9 (GREET 2012) 

Feedstock Crude 

oil 

Sugars from e.g. 

corn, grains or 

agricultural waste, 

(cellulose) 

Sugars from 

e.g. corn, 

grains or 

agricultural 

waste, 

(cellulose) 

Fats and oils from 

e.g. animal fats, 

soy beans, 

cooking oil or 

rapeseed 

(USDOE 2013) 

Energy content 

(lower heating 

value, MJ kg-1) 

32.4 27.8 21.3 33.3 (GREET 2012) 

RON1 91–99 96 129 - (Lee et al. 2008a) 

MON2 81–89 78 102 - (Lee et al. 2008a) 
1Research octane number, 2Motor octane number. 

An ideal production process is not only economically profitable, including good 

material, energy and resource efficiency, but also sustainable, i.e. causing as low 

negative economic, environmental and social impacts as possible. There are still 

some challenges to overcome within biochemical ethanol and butanol production 

using cellulosic biomass as a starting material. In particular, the costly pre-

treatment procedures and product recovery steps require new solutions before a 

competitive industrial-scale production process can be realised. This thesis 

focuses on biofuel production and studies the ways in which the production 

processes can be improved. 

1.1 Objectives and scope 

The main aim of this thesis is to promote the production of transportation biofuels, 

namely biobutanol and bioethanol. The focus is especially on the sustainability of 

the production process and its efficiency. The objectives of this study can be 

summarised as follows 

– To gain new knowledge on the production of transportation biofuels, i.e. 

biobutanol and bioethanol 
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– To point out the main challenges and bottlenecks in the present production 

processes 

– To increase sustainability and process efficiency of production steps by e.g. 

using enhanced processing techniques and improving the efficiency in energy 

and material usage 

– To evaluate the feasibility of pervaporation as the product separation method 

for the recovery and purification of bioethanol and biobutanol, and other 

solvents after the fermentation step. 

The thesis consists of five refereed journal articles. The scope and contribution of 

original papers to the thesis are summarised in Figure 1. 

Fig. 1. Scope and contribution of the original publications to the thesis. 

Papers I and II introduce the superior biofuels properties of biobutanol as 

compared to bioethanol. In addition, the whole process chain in biobutanol 

production and used unit operations are presented with the analysis of the main 

challenges and improvements of each process step. The biorefinery approach is 

also highlighted. The main findings of these two papers are included in the 

literature part (Chapters 2–6) of this thesis. 

Biobutanol (biofuel) produc�on process: 
Papers I and II

• Superior fuel proper�es of butanol as 
compared to ethanol

• History of the biobutanol produc�on
• Chemical (cataly�c) and biochemical

produc�on processes 
• Challenges in the processing 
• Overview of the used processing techniques and  

recent improvements
• Biorefinery perspec�ve  and resource efficiency
• Pervapora�on in product separa�on Sustainability assessment of 

feedstocks for biobutanol 
produc�on:  Paper III

• European legisla�on and sustainability 
criteria regarding transporta�on  
biofuels produc�on

• Poten�al and benefits of using 
lignocellulosic and waste-based  
feedstocks in biofuel produc�on

• Sustainability assessment of four main 
feedstock sources 

Solvent recovery from aqueous 
solu�ons by pervapora�on: Paper IV

• Permea�on performance study for the
removal of n-butanol, acetone  and  
ethanol  from aqueous binary, ternary   
and  quaternary model  solu�ons 

• Hydrophobic composite polydimethyl
siloxane (PDMS) membrane with 
support layer of polyacrylonitrile
(PAN) in separa�on studies at 42 °C

Bioethanol dehydra�on by 
pervapora�on: Paper V

• Feasibility study for the pervapora�ve    
bioethanol dehydra�on in pilot scale

• Pretreatment of bulk bioethanol by 
ac�vated carbon filtra�on

• Hydrophilic crosslinked polyvinyl 
alcohol (PVA)  membranes with  
membrane area of 1 and 2 m2 in   
separa�on studies at 100 °C

• Energy integra�on 

Towards sustainable 
and efficient biofuels 
produc�on  – use of 

pervapora�on in 
product recovery and 

purifica�on 
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Paper III deals with the legislation and sustainability criteria of biofuel 

production. The role of lignocellulosic and waste-based feedstock to enhance 

sustainability is evaluated by the assessment of four different feedstock sources: 

Crop biomass (corn), non-edible crop residue (straw), by-products from the food 

industry (whey) and the wood-based industry (sawdust), which were compared by 

evaluating their impacts on the chosen economic, environmental and social 

indicators. Cultivation, harvesting and collection in addition to upstream 

processing were included in the evaluation. 

The pervaporation technique and its applicability for product recovery and 

purification regarding biofuel production are discussed in Papers IV and V. 

Recovery of n-butanol, acetone and ethanol from various aqueous 

multicomponent mixtures is studied in Paper IV. Separation studies with a 

hydrophobic composite polydimethyl siloxane (PDMS) membrane were carried 

out with laboratory-scale equipment. The effect of feed composition was studied 

using dilute binary, ternary and quaternary aqueous mixtures with the organic 

compound concentration of < 5 wt%. The concentration range used was similar to 

the product concentration range of a typical Acetone-Butanol-Ethanol (ABE) 

fermentation process using strains of Clostridium bacteria. 

Paper V evaluates the feasibility of pervaporation as the final dehydration 

step in industrial-scale bulk bioethanol production. Experimental studies were 

performed in a pilot scale to obtain more realistic and practical information of the 

industrial pervaporation applications. Two hydrophilic polyvinyl alcohol (PVA) 

membranes were tested in the dehydration of the feed ethanol batches of 35 and 

70 kg. A graphical estimation for permeate ethanol concentration and membrane 

area requirements for the final bioethanol dehydration from ethanol concentration 

of 90.0 wt% to 99.6 wt% was also made based on the experimental results 

obtained. 
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2 Production and use of butanol and ethanol 

2.1 Ethanol 

Ethanol (C2H5OH), also known as ethyl alcohol, can be used in several different 

applications. As absolute alcohol (purity of 99%), ethanol is used in 

pharmaceutical preparations, in perfumes or as an antiseptic, solvent or 

preservative component (Kosaric et al. 2012). After denaturation by addition of 

e.g. formaldehyde, methanol or pyridine, ethanol is also commonly used as a 

solvent, as a fuel or as an intermediate in the manufacturing of other chemicals 

such as lacquers, plastics, plasticisers, polishes and cosmetics. Besides fuel usage, 

ethanol produced by fermentation is used commonly in alcoholic beverages, 

including beer and spirits. (Kosaric et al. 2012, Lee & Shah 2013) 

Ethanol is produced on a commercial scale either by direct or indirect 

chemical synthesis starting from ethylene (reactions shown below), or by the 

fermentation of sugars to bioethanol. In addition, several other production 

processes such as homologation of methanol, methanol carbonylation, synthesis 

gas conversion, and synthesis by heterogeneous or homogeneous catalysis are 

developed. These processes, however, have not yet been successfully 

implemented in industrial-scale operations. (Kosaric et al. 2012) 

Industrial-scale production of synthetic ethanol started in 1930, when indirect 

hydration of ethylene was implemented by the Carbide and Chemical Corporation, 

nowadays Union Carbide. In this process, ethylene is adsorbed in concentrated 

sulphuric acid and converted into ethyl sulphate (Eq. 1) and diethyl sulphate (Eq. 

2). Ethyl sulphate is then hydrolysed with water to ethanol and sulphuric acid (Eq. 

3), whereas hydrolysation of diethyl sulphate forms ethanol and ethyl sulphate 

(Eq. 4). Diethyl sulphate reacts further with ethanol to diethyl ether and ethyl 

sulphate (Eq. 5). The final products are ethanol (90–95%) and diethyl ether. The 

pressure range in the production is typically about 1–3.5 MPa, and temperature 

changes from 70 to 100 °C during the process. (Kosaric et al. 2012) 

 2 4 2 4 2 5 3C H H SO   C H OSO H   (1) 

 2 4 2 5 3 2 5 2 2 5C H H H OSO H  C H OSO OC H   (2) 

 2 5 3 2 2 5 2 4C H OSO H H O  C H OH  H SO   (3) 

 2 5 3 2 5 2 2 5 2 5 3C H OSO C H H O  C H OH  C H OSO H   (4) 

 2 5 3 2 5 2 5 2 5 2 5 2 5 3C H OSO C H C H OH  C H OC H  C H OSO H   (5) 
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Later, in 1948, Shell Chemical Company developed a direct catalytic 

hydration process (Eq. 6), which is the most commonly used production method 

nowadays. Phosphoric acid catalysts supported by diatomaceous earth, bentonite, 

or silica gel, for example, are used at temperatures of around 300 °C and 

pressures of 5–8 MPa. (Kosaric et al. 2012) 

 2 4 2 2 5C H H O  C H OH   (6) 

Biochemical ethanol production is one of the oldest and most well-known 

fermentation processes. The main producer countries of fermented fuel ethanol 

are currently Brazil and the United States (REN21 2012: 36). Biochemical 

production processes of both ethanol and butanol are discussed in Chapter 3 of 

this work. 

2.2 Butanol 

Butanol (C4H9OH) or butyl alcohol is also called biobutanol when it is produced 

from biomass. Butanol has four structural isomers, namely n-butanol, isobutanol, 

sec-butanol, and tert-butanol. The chemical and physical properties of these 

isomers vary (Hahn et al. 2012). The main use and applications are however 

similar for all, as can be seen in Table 2 (Hahn et al. 2012, Jin et al. 2011). 

Butanol is used mainly as an intermediate compound in the production of 

butyl acrylate and methacrylate esters, which are needed in the manufacturing of 

coatings and adhesives. Butanol is also used widely as a solvent or as a starting 

chemical in the production of antibiotics, hormones and vitamins (Lee et al. 

2008a), in addition to the manufacturing of amino resins, butylamines, plasticisers 

and textiles (Burridge 2009). In recent decades, the interest in using butanol as 

transportation fuel or a fuel additive of gasoline or diesel has increased 

significantly. 
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Table 2. Molecular structure, production and use of butanol isomers (II, published with 

the permission of Springer). 

Isomer Molecular structure Production methods Main use 

n-Butanol 

1-Butanol 

 

Fermentation 

Reppe synthesis 

Oxo synthesis 

Crotonaldehyde 

hydrogenation 

Solvent, thinner or platform 

chemical in surface coatings 

Plastic and textile industry 

Gasoline additive 

isobutanol 

2-Methyl-1-

propanol 

 

Fermentation 

Reppe synthesis 

Oxo synthesis 

Catalytic hydrogenation of 

carbon monoxide 

homologisation reaction 

Solvent, diluent and additive for 

nitrocellulose and synthetic 

resins 

Component of cleaners and 

printing inks 

Gasoline additive 

sec-Butanol 

2-Butanol 

 

Acid-catalysed hydration of 

n-butene 

Solvent, component of brake 

fluids, cleaning agents, 

perfumes, fruit essence 

Mainly hydrogenated to 

2-butanone and used as a 

solvent 

tert-Butanol 

2-Methyl-2-

propanol 

 2-Methylpropene hydration 

By-product of methyl tert-

butyl ether and propylene 

oxide production 

Solvent 

Used in preparation of 

peroxides, oil-soluble resins and 

antioxidants 

The biochemical production process for butanol was discovered as early as in the 

1910s by Charles Weizmann (Gabriel 1928). Industrial-scale production by 

fermentation was in use until 1960s, when the price of feedstock increased and 

chemical production overtook the market (Figure 2). Research and development 

work co still continued both in academic and industrial level. According to Ni and 

Sun (2009), there are eleven ABE plants that have recently opened in China. 

Furthermore, several companies such as ButamaxTM Advanced Biofuels (started 

by BP and DuPont), Cobalt Technologies, Gevo, and METabolic EXplorer are 

intensively developing biobutanol technologies (CPL Press 2012). Gevo (2009) 

have also proved that retrofitting an old ethanol plant for butanol production is 

possible. 
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Fig. 2. Milestones of (bio)butanol production (II, published with the permission of 

Springer). 

Butanol is produced nowadays mainly via three traditional fossil fuel based 

chemical production processes, namely the Oxo synthesis (also known as 

hydroformulation), Reppe synthesis and Crotonaldehyde hydrogenation (Hahn et 

al. 2012). 

The Oxo synthesis (reactions shown in Eq. 7–9) is the dominant production 

process for n-butanol: 

 
catalyst

3 2 2 3 2 2 23CH CH=CH  H CO  CH (CH ) CHO  (CH ) CHCHO     (7) 

 
                  

3 2 2 2 3 2 3CH (CH ) CHO  H  CH (CH ) OH   (8) 

 
                  

3 2 2 3 2 2(CH ) CHCHO  H  (CH ) CHCH OH   (9) 

The process starts when carbon monoxide and hydrogen react with propylene in 

the presence of a catalyst, producing a mixture of n- and i-butyraldehydes (Eq. 7). 

The used catalysts include cobalt, rhodium, ruthenium or their modified versions. 
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Butyraldehydes are then hydrogenated to isobutanol (Eq. 8) and n-butanol (Eq. 9). 

The ratio of obtained butanol isomers varies with the catalysts and reaction 

conditions used. (Falbe 1970, Hahn et al. 2012) For example, process 

temperatures and pressures of 110–180 °C and 5–35 MPa are used with a cobalt 

catalyst, and the conditions in the rhodium catalysed processes are 70–120 °C and 

1.5–30 MPa (Chauvel & Lefebvre 1989). 

In the Reppe synthesis (Eq. 10), water reacts with propylene and carbon 

monoxide in the presence of catalysts, namely tertiary ammonium salt of 

polynuclear iron carbonyl hydrides. Carbon dioxide is produced besides n-butanol. 

 
catalyst

3 2 2 3 2 3 2CH CH=CH 2 H O 3 CO  CH (CH ) OH 2 CO     (10) 

Milder process conditions such as 100 °C and 0.5–2 MPa are needed as compared 

to the Oxo synthesis. However, the required process technology is more 

expensive, and the Reppe synthesis is not found to be commercially as successful 

as the Oxo synthesis. (Falbe 1970, Chauvel & Lefebvre 1989, Hahn et al. 2012) 

Crotonaldehyde hydrogenation (reaction shown in Eqs. 11–13) was used 

widely before the foundation of the Oxo process: 

  
               

3 3 2CH CHO CH CH OH CH CHO  (11) 

  
                

3 2 3 2CH CH OH CH CHO CH CH=CHCHO  H O   (12) 

 
                

3 2 3 2 3CH CH=CHCHO 2H CH (CH ) OH   (13) 

The process starts with aldolisation of acetaldehyde (Eq. 11), which is then 

dehydrated to produce crotonaldehyde (Eq. 12). The last step is crotonaldehyde 

hydrogenation to n-butanol (Eq. 13). The process can be performed either in the 

gaseous or liquid phase, and e.g. chromium, copper and nickel-based catalysts are 

used. (Weissermel & Arpe 2003: 186, Hahn et al. 2012) 

It is also possible to modify the crotonaldehyde hydrogenation process to be a 

more renewable process by starting with bioethanol, which is then converted to 

acetaldehyde and further to n-butanol as described in Eqs. 12 and 13. The 

development of this process by finding proper catalysts and process conditions 

has gained a lot of interest in recent years. Studied catalysts include calcium or 

strontium substituted hydroxyapatites (Tsuchida et al. 2006; 2008, Ogo et al. 

2011), zeolites (Ndou et al. 2003) and supported metal catalysts such as Ni/γ-

Al2O3 (Yang et al. 2004). 
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2.3 Butanol’s advantages compared to ethanol 

As listed in Table 3, butanol has many superior fuel properties over ethanol (Wu 

et al. 2007, Cascone 2008, Butamax 2009). The key advantages of butanol 

include the higher energy content, better safety, usability, and storage of the fuel. 

Since butanol is less corrosive and has lower water solubility compared with 

ethanol, the supply of butanol is possible via current distribution infrastructure 

and petrol stations. The tendency towards cavitation and vapour locking is lower 

with butanol, reducing the requirements to use special fuel blends in winter and 

summer conditions. 

Table 3. Fuel properties of biobutanol and advances compared to ethanol (modified 

from Paper III, published with the permission of SDEWES Centre). 

Property Advances compared to ethanol 

Blending ability Can be blended with gasoline or diesel fuel in higher concentrations without 

the need for vehicle retrofitting. With higher concentrations, the share of 

renewable components is also increased in the final fuel mixture. 

Energy content, octane 

values and air-to-fuel ratio 

Values are closer to gasoline than ethanol: better fuel economy (kilometres 

per litre) than with ethanol. 

Less evaporative Safer to use and handle than ethanol and generates lower amounts of 

volatile organic compound (VOC) emissions. 

Lower water solubility Butanol has decreased tendency of corrosion in pipelines and fuel tanks, and 

if spills/leaks occur, the tendency for spreading in the groundwater is 

reduced. 

Lower vapour pressure Butanol is less explosive and evaporative, less evaporative emissions are 

released. 

Biodegradability Butanol is more biodegradable than ethanol and will biodegrade in the 

environment under aerobic conditions. 

In Europe, the maximum butanol amount allowed to be blended with gasoline is 

15 vol% according to the Fuel Quality Directive (FQD) (Directive 2009/30/EC). 

In the US, ethanol can be blended in gasoline up to 15 vol% (EPA 2013), whereas 

the upper limit for butanol content is about 12.5 vol% based on the given oxygen 

limit in the gasoline. Moreover, ASTM International (an international standards 

development organisation) announced the specification ASTM D7862 for butanol 

blending with gasoline at 1–12.5 vol% for use in automotive spark-ignition 

engines. The purity of butanol in these blends for fuel usage should be above 

96.0%. (ASTM International 2013) 
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Ethanol cannot be mixed with diesel, whereas engines have been found to 

work normally with diesel-butanol mixtures up to 20% of butanol (de Guzman 

2010). Further, in 2005 over 10 000 miles (~16 000 km) were driven in an 

unmodified 1992-model Buick using butanol as fuel. Several emission tests were 

carried out during this trip, and lower amounts of carbon monoxide, hydrocarbons 

and nitrogen oxides were detected compared to the emissions produced using 

gasoline as a fuel. The mileage per gallon was also increased from about 18 miles 

with gasoline up to 25–26 miles with butanol (from 29 to 40–42 km gallon-1, or 

fuel consumption of 13.7 L/100 km to 9.4–9.1 L/100 km). (Ramey & Yang 2004) 
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3 Biochemical production of transportation 
biofuels 

In general, fermentative biobutanol and bioethanol production processes include 

three main steps: 

– upstream processing, where the structure of feedstock biomass is broken 

down to fermentable monosaccharides by pre-treatment and hydrolysis steps 

– a fermentation step utilising yeasts or bacteria to convert sugars to valuable 

products such as acids, gases and alcohols 

– downstream processing, including recovery and purification of fermentation 

products. 

An example of a modern ethanol production process using wheat and barley as 

feedstock is illustrated in Figure 3 (Reimelt et al. 2002). Examples of possible 

feedstock sources and processing techniques for each unit step in biobutanol 

production are shown in Figure 4.  

 

Fig. 3.  A modern ethanol production plant with pressure swing adsorption (PSA) 

dehydration integrated with distillation and stillage evaporation (based on Reimelt et 

al. 2002). 
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Fig. 4.  Production steps of biobutanol (II, published with the permission of Springer).  

---- means a process step required if inhibitors are produced during the upstream 

processing,  ̶̶̶   ̶   ̶   means products. 

The same processing techniques can largely be used in both bioethanol and 

biobutanol production, though for instance the fermentation step differs and some 

special applications are available for downstream processing. Each process step is 

explained in the following subchapters with a discussion of processing differences 

between ethanol and butanol production. 

3.1 Feedstock 

Microorganisms such as yeasts or bacteria utilise monosaccharides as an energy 

source for their growth and production of various chemicals in the fermentation 

process. Monosaccharides are the basic carbohydrate sugar units, and they can be 

classified by the number of carbon atoms they consist of. In the fermentation 

processes, glucoses i.e. 6-carbon sugars (also called hexoses) are mainly used. 

Some micro-organisms including Clostridia can also utilise pentose sugars 

containing five carbons (Ezeji & Blaschek 2008). 

In nature, monosaccharides are combined together as polysaccharide 

complexes such as starch, cellulose or hemicellulose. Starch is composed of 
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glucose compounds, namely unbranched amylose and highly branched 

amylopectin (Tester et al. 2004). Cellulose is formed of glucose units linked 

together as an unbranched structure, whereas hemicellulose is a branched sugar 

polymer containing L-arabinose, D-galactose, D-glucose, D-mannose and D-

xylose, for instance. The cellulose structure includes both amorphous and 

crystalline regions, the latter being water-insoluble and highly ordered, thereby 

reducing the effectiveness of hydrolysis (Mosier et al. 2005). 

The exact composition of lignocellulosics varies between different feedstock 

groups, but generally lignocellulosic biomass contains mainly three components: 

cellulose (35–50% of dry weight), hemicellulose (25–35%) and lignin (10–25%) 

(Cherubini 2010). Some other compounds, such as extractives and ashes, are also 

present. 

In general, biofuels produced from edible raw materials such as food crops 

are called first-generation biofuels. Biofuels produced from non-edible feedstock, 

e.g. energy crops or waste materials, represent the second generation, while the 

third generation biofuels are derived from algae. (Singh 2011) Both bioethanol 

and biobutanol can be produced from various feedstock, including starch-rich 

biomasses (such as grains or potato), sugar rich biomasses (sugar beet, sugar cane 

or whey permeate) or lignocellulosic biomass (for instance agricultural or forestry 

residues, crop biomasses, and industrial by-products). 

Availability, price, the sugar content as well as costs of the biomass supply, 

transportation and processing are the most important factors to be considered in 

the selection of feedstock for the process (Lynd et al. 1999). Table 4 presents 

different pros and cons of the biomasses used for biobutanol production. 

Feedstock used for industrial-scale production of biobutanol include mainly 

molasses and starch biomasses (García et al. 2011), while ethanol has been 

produced industrially from feedstock such as corn, cassava, sugar cane, sugar beet, 

sorghum and wheat (REN21 2012: 29). Some demonstration and pilot-scale 

plants producing ethanol from wood-based feedstock also exist (Menon & Rao 

2012). 
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Table 4. Feedstock used in biobutanol production (modified from Paper III, published 

with the permission of SDEWES Centre). 

Feedstock Examples Advantages Disadvantages 

Agricultural 

residues or  

by-products 

Bagasse, corn 

stover/fibre/cobs, 

straws (e.g. from barley, 

rice or wheat) 

Easier upstream 

processing to 

fermentable sugars 

Seasonal availability 

Variations in cultivation yield and 

quality 

Land-use change 

Transportation costs (low density) 

Crop biomass Cassava, corn Easier upstream 

processing to 

fermentable sugars 

Edible 

Seasonal availability 

Variations of yield and quality 

Land-use change 

Water need for irrigation 

Non-food crop 

biomass 

Switchgrass,  

Jerusalem artichoke 

Does not compete with 

food use 

Land-use change possible if fertile 

land is used 

Potential water need 

Wood-based 

biomass 

Wood hydrolysates 

(e.g. from aspen, pine, 

beech or hemlock) 

Non-food biomass,  

Good availability, 

Lower transportation 

costs 

More difficult upstream processing 

Indirect land-use change possible 

Industrial  

by-products 

Apple pomace, cheese 

whey, Dried Distillers’ 

Grains and Solubles 

(DDGS), potato waste, 

brans (e.g. from rice or 

wheat), soy molasses, 

waste sulphite liquor 

Better social acceptance 

by means of resource 

use efficiency and waste  

minimisation 

No land-use change 

Availability and quality of the raw 

material may vary 

Additional processing may be 

needed to separate the feedstock 

from the main product 

Biodegradable 

municipal waste 

Food and garden waste, 

starch-based packing 

peanuts, sludge from 

wastewater treatment 

Better social acceptance, 

contributes to resource 

efficiency and waste 

minimisation, no land-use 

change 

(Seasonal) and qualitative 

variation  

Lignocellulosic biomasses have a great availability all year round with lower 

supply and transportation costs, but the upstream processing into fermentable 

sugars is more difficult and expensive. In contrast, conversion of sugar- and 

starch-rich biomasses to monosaccharides is easier, but seasonal availability in 

addition to quality and yield variations among growth periods are serious 

drawbacks. Moreover, biomass demand for industrial-scale production is so large 

that supply and transportation are more expensive as compared to lignocellulosics. 
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Sustainability as well as ethical issues are also important, and hence non-

edible biomasses and feedstock not causing land-use changes are having better 

public acceptance as compared to biomasses having competing use as a foodstuff. 

The use of by-products and waste materials from agriculture, industry or 

households further enhances the material efficiency, waste minimisation and 

sustainability of society. 

3.2 Upstream processing 

Within biofuel production, upstream processing includes the steps of pre-

treatment and hydrolysis. Moreover, some detoxification or neutralisation 

treatment may be needed if undesirable degradation products inhibiting the 

enzymatic hydrolysis or fermentation are produced during the pre-treatment 

procedure. 

3.2.1 Pre-treatment 

As already mentioned, the required pre-treatment methods vary based on the 

selected feedstock. More severe techniques and conditions are commonly needed 

with lignocellulosics as compared to starch or other non-cellulosic biomasses. 

This is due to the complex structure of lignocellulosic biomass: cellulose, 

hemicellulose, and lignin are tightly bound together with strong and complicated 

chemical bonds (Taherzadeh & Karimi 2007a). These bonds, as well as the 

crystalline cellulose regions, are hindering the upstream processing. Further, the 

lignin part can resist chemical and enzymatic degradation and protects the 

cellulose inside the biomass cell wall. (Jørgensen et al. 2007) 

The purpose of the pre-treatment is to break and alter the biomass structure so 

that monosaccharides are easier to obtain in the subsequent hydrolysis step. 

According to Mosier et al. (2005), the effects of pre-treatment include: 

– breakage of the lignin seal protecting the biomass structure 

– removal of lignin 

– reduction in the cellulose crystallinity as the amorphous cellulose fraction is 

easier to be converted to sugars 

– increase in the accessible surface area i.e. porosity of the material, improving 

the efficiency of the hydrolysis step. 
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Factors affecting the selection of the pre-treatment method include the cost of 

materials, chemicals, process construction and operation, compared to the 

efficiency of the method. Consequently, the desired technique should be cost- and 

energy-efficient, and it should increase the yield of fermentable sugars but also 

avoid the formation of undesirable degradation products (inhibitors) or loss of 

carbohydrates due to severe processing conditions. (Mosier et al. 2005) 

The most commonly used pre-treatment techniques can be divided into four 

main groups, which are introduced and compared briefly in Table 5. In practice, 

combined methods starting with mechanical size reduction are commonly needed. 

Several review articles include detailed information about these techniques (e.g. 

Mosier et al. 2005, Jørgensen et al. 2007, Taherzadeh & Karimi 2008, Kumar et 

al. 2009, Menon & Rao 2012). 

Table 5. Comparison of the main pre-treatment methods used for lignocellulosics. 

Method Techniques Advantages Disadvantages 

Biological Fungal treatments by 

e.g. bacteria or rots 

Mild processing conditions Slowness, cost of enzymes, 

biomass is needed to cut into small 

particle size to improve the 

efficiency 

Chemical Alkaline hydrolysis 

Concentrated acid 

hydrolysis 

Dilute acid hydrolysis 

Ionic Liquids (ILs) 

Oxidative delignification 

More efficient as compared 

to biological and mechanical 

methods 

Cost of chemicals, corrosion of 

equipment, formation of inhibitors 

due the harsh process conditions 

(neutralisation needed) 

Physical/ 

Mechanical

Chipping 

Grinding 

Milling 

Simple machinery  High energy consumption 

Physico-

chemical 

Ammonia fibre expansion 

Liquid hot water treatment

Steam expansion 

Supercritical carbon 

dioxide (ScCO2) 

Seen currently as the most 

efficient methods  

Special equipment needed, 

formation of inhibitors and sugar 

degradation possible 

Pre-treatment techniques using dilute acids, ammonia, lime, liquid hot water and 

steam are assumed to be the most cost-effective pre-treatment methods 

(Taherzadeh & Karimi 2007b). Moreover, the use of ionic liquids (Mäki-Arvela et 

al. 2011, Tadesse & Luque 2011) and supercritical carbon dioxide (Alinia et al. 

2010, Gao et al. 2010, Narayanaswamy et al. 2011) has been studied recently. 
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3.2.2 Hydrolysis 

Lignocellulosic fibres and sugar polymers obtained after a pre-treatment step are 

processed further to fermentable monosaccharides in a hydrolysis step, also 

known as saccharification. Hydrolysis is performed either with enzymes or by 

using an acid in a concentrated or diluted form, presented in Table 6.  

Table 6. Hydrolysis processes used for lignocellulosics (modified from I, published 

with the permission of Elsevier). 

Hydrolysis process Used chemicals or 

enzymes 

Advantages Disadvantages 

Dilute acid 

(2–5 wt%) 

Hydrochloric acid, 

nitric acid, 

sulphuric acid 

Low acid consumption, 

short processing time, 

acid recovery may not be 

required 

High pressure and temperature 

needed (1 MPa, below 160 °C for 

batch processes, 160–200 °C for 

continuous operation), not so 

effective for cellulose hydrolysis, 

formation of undesirable by-

products, corrosion of equipment 

Concentrated acid 

(10–30 wt%) 

Hydrochloric acid, 

nitric acid, 

sulphuric acid 

Low temperature 

(around 40 °C), 

high yield of sugar 

production 

High acid consumption, longer 

reaction time (2–6 hrs) compared 

to dilute acid hydrolysis, corrosion 

of equipment, acid recovery and 

neutralisation process requiring 

extra energy input needed 

Enzymatic Cellulase, 

hemicellulase, 

laccase, 

peroxidases, 

oxidases 

Mild conditions 

(40–50 °C, pH 4.5–5.0), 

high yield of sugar 

production, no formation 

of inhibitors 

Cost of enzymes, long hydrolysis 

time (several days) 

Cellulase and hemicellulase enzymes able to decompose cellulose and 

hemicellulose are used in hydrolysis. They are typically produced naturally by 

bacteria species such as Clostridium, Bacillus, or Streptomyces, as well as brown, 

white or soft rot fungi, e.g. Aspergillus, Phanerochaete and Trichoderma. 

(Sukumaran et al. 2005) In addition, enzymes including laccase, lignin peroxidase, 

manganese peroxidase, versatile peroxidase, and oxidase are used for lignin 

degradation (Martinez et al. 2005). Acid hydrolysis is usually performed with 

hydrochloric, nitric or sulphuric acids (Sánchez & Cardona 2008). 

Numerous different reactors and processing types have been developed for 

dilute acid operations, including countercurrent, plug flow, shrinking bed and 
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percolation reactors. Acid can be added by mixing, spraying or percolation to the 

biomass. Further, multiphase operation can be used to avoid the formation of 

inhibitors and sugar degradation during the acid hydrolysis. (Taherzadeh & 

Karimi 2007b) 

Cellulase enzymes active in hydrolysis can be classified further to 

endoglucanases, exoglucanases (also known as cellobiohydrolases) and β-

glucosidases. Hydrolysis is started by endoglucanases breaking down the low-

crystalline parts of cellulose and thus producing free ends to the cellulose chain 

structure. Exoglucanases are then able to further degrade these chain ends by 

releasing cellobiose units, which are then hydrolysed to glucose units by β-

glucosidases. (Jørgensen et al. 2007) 

As reported by Taherzadeh and Karimi (2007a), besides the selected 

feedstock biomass and pre-treatment, the dosage and activity of the used enzymes 

together with the process conditions such as pH and temperature have a great 

impact on enzymatic hydrolysis. Enzyme recovery and circulation, 

immobilisation of enzymes into the reactor as well as combined hydrolysis and 

fermentation steps in one reactor have been studied to improve cost-effectiveness. 

3.2.3 Detoxification of inhibitory compounds 

In addition to desirable sugar products, also some unfavourable degradation 

products may be formed during the pre-treatment and hydrolysis procedures. 

According to Larsson et al. (1999) and Palmqvist & Hahn-Hägerdal (2000), 

inhibitory compounds present in lignocellulosic biomasses include: 

– aliphatic acids, i.e. acetic, formic acid and levulinic acid 

– furan derivatives including furfural and 5-hydroxymethylfurfural (5-HMF) 

– phenolic compounds such as ferulic acid, p-coumaric acid, syringaldehyde, 

syringic acid and vanillic acid 

– hydrolysis products, namely cellobiose and glucose. 

Inhibitors have negative effects on the operation of micro-organisms used in 

enzymatic hydrolysis or fermentation. For instance, phenolic compounds may 

increase micro-organisms’ membrane fluidity, leading to negative impacts on cell 

integrity and operation (Heipieper et al. 1991). In hydrolysis, inhibitors hinder the 

operation of β-glucosidases, cellulases and xylanases. Panagiotou and Olsson 

(2007) have suggested that formic acid may inhibit both cellulases and xylanases, 

while syringaldehyde, as well as syringic and vanillic acids are inhibitors for 
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xylanases. In addition, cellobiose and glucose produced during hydrolysis 

negatively affect the activity of β-glucosidases and cellulases. 

The level of resistance against inhibitors is specific for different bacteria and 

yeast strains. Phenolic compounds are seen as the most significant inhibitors in 

butanol fermentation (Ezeji & Blaschek 2008). The net effects of different 

inhibitors may also occur, but detecting and understanding their impacts is 

difficult. 

Inhibitors should be either removed or deactivated to reduce their effects on 

fermentation. These methods are generally called detoxification methods and are 

presented in Table 7. In addition, the pH is usually needed to be adjusted to proper 

level for the fermentation. This neutralisation is typically performed with calcium 

or sodium hydroxide (Chandel et al. 2011). 
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Table 7. Detoxification methods used for lignocellulosic hydrolysates (Huang et al. 

2008, Chandel et al. 2011, Sánchez & Montoya 2013, Silva et al. 2013). 

Detoxification category Method Principle 

Biological methods Enzymatic or microbial 

detoxification 

Alteration of the chemical nature of inhibitors using 

micro-organisms or enzymes. 

Chemical methods Activated charcoal Adsorption of inhibitors, especially phenolics, on 

activated charcoal, which can be regenerated by heat 

after the saturation point is reached. 

 Advanced oxidation 

processes 

In situ generation of hydroxyl radicals (·OH) by using 

e.g. hydrogen peroxide, ozone or ultra violet radiation, 

and further use of hydroxyl radicals as oxidising 

agents.  

 Ion exchange Use of cation or anion exchange resins to retain e.g. 

acetic acid and furfurals. 

 Overliming Addition of calcium hydroxide (Ca(OH)2) to pH level 

from 9 to 10 and thereby precipitation of inhibitors. 

After filtration, the pH is increased for fermentation. 

 Use of reducing agents Implementation of sodium dithionite or sulphite in the 

fermentor as in situ detoxification to improve furan 

aldehydes conversion by micro-organisms. 

Physical methods Evaporation Removal of volatile inhibitors, e.g. acetic acid, furfural 

and vanillin. 

 Extraction Use of organic solvents such as ethyl acetate or diethyl 

ether to remove inhibitors from hydrolysate.  

 Membrane separations Use of microporous membranes in adsorption or 

extraction of inhibitors. 

Other methods Fermentation practices 

 

Metabolic engineering 

Use of e.g. immobilised cell reactors, where the 

tolerance against inhibitors is higher. 

Use of genetic engineering to obtain strains having 

higher tolerance of inhibitors. 

Many of the detoxification methods are effective only for a certain inhibitor or a 

class of inhibitors. Because detoxification steps increase the costs of the 

production process, it is crucial to carefully evaluate the need, costs, effectiveness 

and the integration of the detoxification step into the whole process chain. 

3.3 Fermentation 

Fermentation modes can be classified into batch, fed-batch, and continuous 

fermentation according to the substrate feeding strategy. In batch fermentation, all 
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substrates and nutrients are added into the fermentor at the beginning of the 

fermentation, while a fed-batch mode is started with a small volume of substrates 

and more sugars are added later. In continuous fermentation, substrates are added 

constantly to the fermentor, thereby keeping the fermentation broth volume 

constant during fermentation. (Qureshi & Blaschek 2006) 

The reaction rate is usually limited by substrate quantity. Hence, better 

fermentation yields can be obtained by the feed control whereas formation of 

products is more regulated and avoiding the production of undesirable 

intermediates and by-products is easier. Besides the substrate concentration, other 

important variables to be controlled during the fermentation include the oxygen 

level, pH, temperature, and concentration of nutrients and inhibitors. As both 

ethanol and butanol are inhibitors for the micro-organisms producing them, 

combining fermentation and separation techniques together as in situ product 

removal (ISPR) is favourable. (Maddox et al. 1993, Qureshi & Blaschek 2006) 

The used reactor types include e.g. a batch reactor (BR), a continuous stirred 

tank reactor (CSTR), a packed bed reactor (PBR), and a fluidised bed reactor 

(FBR) (Qureshi et al. 2005a). Further, hydrolysis and fermentation can be 

performed either as separate steps in different reactors, known as separate 

hydrolysis and fermentation (SHF), or as combined operation i.e. simultaneous 

saccharification and fermentation (SSF). In addition, a consolidated bioprocessing 

(CBP) method is under development, aiming to convert lignocelluloses to 

products in one single process step. (Olson et al. 2012) 

Further, researchers have also developed more advanced fermentation 

strategies including the use of concentrated sugar solutions, suspended cells, cell 

immobilisation with or without a cell recycling, and modification of cells by 

metabolic engineering (Qureshi & Ezeji 2008). 

3.3.1 Acetone-butanol-ethanol (ABE) fermentation 

Anaerobic Clostridium bacteria species such as C. acetobutylicum, C. beijerinckii, 

and C. saccharoperbutyl-acetonicum are used in biobutanol production. 

Clostridial bacteria has a great advantage of also being able to utilise pentose 

sugars, i.e. arabinose, cellobiose, galactose, mannose and xylose, even though the 

utilisation rate is slower than with glucose (Ezeji & Blaschek 2008). 

The production process is generally called Acetone-Butanol-Ethanol (ABE) 

fermentation, named by the main products (Figure 5). The fermentation step is 

divided into two stages: first, in the acidogenic phase, Clostridial bacteria utilise 
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sugars for their growth and production of acetic and butyric acids together with 

carbon dioxide (CO2) and hydrogen (H2) gases. This phase is followed by the 

solventogenic phase, including the conversion of produced acids into acetone, 

butanol and ethanol. 

 

Fig. 5. A simplified metabolic pathway of Clostridial ABE fermentation (II, published 

with the permission of Springer). 

Batch fermentation time is typically 48–72 hours at a temperature range of 30–

37 °C, and the obtained solvent ratio is 3:6:1 (acetone:butanol:ethanol). The 

achieved product concentration remains low, mainly due to butanol acting as an 

inhibitor for the growth and metabolism of Clostridial bacteria. Usually when 

using original, non-genetically modified bacterium strains, the maximum butanol 

concentration from batch fermentation is around 13–18 g L-1 with a total solvent 

yield of around 20–30 g L-1 (Qureshi & Blaschek 2006). 

3.3.2 Biobutanol production by other micro-organisms 

Although Clostridia species are widely used, they have some undesirable 

characteristics hindering fermentation. These include rather slow growth rate, 

intolerance to oxygen and butanol, and formation of by-products and spores (Jin 

et al. 2011). Researchers have thereby applied metabolic engineering to modify 

other micro-organisms for biobutanol production. For example, by knocking out 

some genes or transferring genes between micro-organisms, is it possible to 

change the metabolic pathways and alter the metabolism to a preferred direction. 
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Butanol has been successfully produced by modified Escherichia coli (Atsumi et 

al. 2008, Inui et al. 2008, Shen & Liao 2008, Shen et al. 2011) and 

Saccharomyces cerevisiae (Steen et al. 2008). Moreover, instead of using sugars, 

Lan & Liao (2011) produced 1-butanol directly from CO2 and light by using 

cyanobacterium strain Synechococcus elongate PCC 7942. 

Co-cultures consisting of two different bacteria have been tested as well. Tran 

et al. (2010) used Bacillus subtilis together with C. butylicum and obtained an 

increased ABE yield. They reported that B. subtilis consumed oxygen from the 

fermentation broth and the need for nitrogen (N2) flushing or costly reducing 

chemicals to ensure the anaerobic conditions were avoided. Although these 

metabolic engineered methods are promising, they still require further 

developments to obtain higher n-butanol yields. 

3.3.3 Bioethanol production by yeast fermentation 

Ethanol is traditionally produced by yeast fermentation. Saccharomyces 

cerevisiae is the most commonly used strain, but also S. uvarum, Candida utilis, 

Klyveromyces and some other yeasts have been used (Kosaric et al. 2012). During 

the anaerobic yeast fermentation, one glucose molecule is converted to 2 pyruvate 

molecules in the glycolysis step. Pyruvate is further decarboxylated to 

acetaldehyde, which is then reduced to ethanol (Figure 6). In addition, energy is 

produced by the formation of adenosine triphosphate (ATP) from adenosine 

diphosphate (ADP) and reduced nicotinamide adenine dinucleotide (NADH) from 

nicotinamide adenine dinucleotide (NAD+). S. cerevisiae has good productivity 

with a high tolerance towards ethanol and inhibitors, but it is not capable of 

fermenting xylose (Lee & Shah 2013). In addition, modified strains also using 

xylose are engineered (Matsushika et al. 2009). 

Fig. 6.  Ethanol production by yeast fermentation. 
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The theoretical ethanol yield from glucose is 0.51 g g-1, but the formation of cells 

and by-products decreases the yield to be about 90–95% of the theoretical 

maximum. As anaerobic metabolism converts glucose to ethanol and carbon 

dioxide, in aerobic conditions glucose and oxygen are converted into carbon 

dioxide and water. Even though ethanol is produced under anaerobic conditions, 

oxygen is required for successful ethanol production as it also enhances the 

viability and growth of yeast cells during the anaerobic stage and increases 

ethanol production. The need for oxygen depends on the yeast strain. (Kosaric et 

al. 2012) 

3.3.4 Bioethanol production by bacteria 

Besides fermentation of yeasts, the utilisation of bacteria in ethanol production 

has also been studied. For example, Zymomonas mobilis is able to produce 

ethanol from glucose and strains also able to utilise pentose sugars have been 

obtained by genetic engineering. Further, this bacterium does not require oxygen 

for its growth, thereby making the fermentation simpler. (Kosaric et al. 2012) 

Other bacteria studied for ethanol production includes species of E. coli, 

Klebsiella and Erwinia (Kosaric et al. 2012). For instance, Tao et al. (2001) have 

combined two E. coli strains and obtained 0.50 g g-1 ethanol production from 

xylose. 

3.4 Downstream processing 

Due to the low concentration of solvents in the fermentation broths, 

conventionally used distillation is a very energy-intensive technique for biofuel 

recovery and purification. Ethanol has a boiling point of 78.39 °C, while water 

and n-butanol boil at 100.0 and 117.73 °C, respectively. Moreover, both ethanol 

and butanol form binary azeotropic mixtures with water. The ethanol–water 

azeotrope is formed at 78.2 °C with ethanol concentration of 95.6 wt%, while the 

azeotropic point for butanol and water is at 92.7 °C with a butanol concentration 

of 57.5 wt%. (Hahn et al. 2012, Kosaric et al. 2012) 

Huang et al. (2008) has stated that distillation is an efficient separation 

technique for the ethanol concentration range between 10 and 85 wt%. However, 

distillation is very expensive close to the azeotropic point. Hence, ethanol 

dehydration is commonly operated in two steps: first by distillation up to the 



 

 43

ethanol concentration of 92.4 wt%, followed by further dehydration with other 

separation techniques. 

Several alternative separation techniques have been studied with the aim of 

cost reduction in downstream processing. These methods are presented in the 

following subchapters. An ideal downstream processing technique would be not 

only economic with high selectivity and performance, but it would also have a 

stable and simple operation and a possibility to be integrated with the fermentor 

to obtain in situ product removal. For a successful hybrid operation, the 

separation method should not be harmful to micro-organisms used in fermentation. 

3.4.1 Separation techniques 

Adsorption 

Materials (adsorbents) having a high affinity for solvent or water are used in 

adsorption processes. For butanol recovery, adsorbents including activated 

charcoal, bonopore, silicalite, zeolites, polyvinylpyridine and resins have been 

used (Qureshi et al. 2005b). Ethanol dehydration is performed either in the liquid 

phase with zeolites or cellulose-based adsorbents, or in the vapour phase by using 

zeolite molecular sieves, lithium chloride or silica gel (Frolkova & Raeva 2010). 

Adsorption is simple to operate, but fouling can occur if cells and nutrients 

are present in the feed solution. Adsorbents may also be regenerated from time to 

time to ensure good operation. A pressure swing adsorption (PSA) method also 

applied on a commercial scale for ethanol recovery uses pressure alteration in the 

regeneration procedure (Pruksathorn & Vitidsant 2009, Jeong et al. 2012). 

Distillation applications 

Conventional distillation is based on different relative volatilities or boiling point 

temperatures of the components of a solution. To improve the separation 

performance, enhanced applications such as azeotropic distillation, extractive 

distillation and membrane distillation have also been developed. 

In azeotropic distillation, a ternary azeotrope is formed by adding a third 

volatile component (an entrainer) into the solution. As the relative volatilities are 

altered, the separation of desired components is possible. Benzene and 

cyclohexane have been used as entrainers, but because the first mentioned 
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compound is carcinogenic and the latter is very flammable, azeotropic distillation 

is not widely used with biofuel separations. (Huang et al. 2008) 

Extractive distillation exploits the third component as well, but in this case a 

relative non-volatile compound not able to form azeotropes is used. Various 

different compounds may be used as the third component, including for example 

liquid solvents, dissolved salts, ionic liquids and hyperbranched polymers (Huang 

et al. 2008). 

Membrane distillation can be performed at temperatures lower than the 

normal boiling point, but highly hydrophobic membranes are required in order to 

avoid the wetting of membrane pores (Banat & Al-Shannag 2000). 

Filtration 

Microfiltration (MF), nanofiltration (NF) and ultrafiltration (UF) are membrane-

based, pressure-driven separation methods. Pore sizes are 0.05–10 μm for 

microfiltration membranes, 1–100 nm for ultrafiltration membranes and smaller 

than 2 nm in nanofiltration (Mulder 1998). Ezeji and Li (2010) have reviewed the 

use of filtration methods in biofuel production processes as follows: 

– MF: separation of microbial yeast or bacteria cells, soluble macromolecules 

and solid particles having a size greater than 0.02–0.1 μm 

– UF: separation of cells, enzymes, proteins and starch with a molecular weight 

bigger than 500 Da 

– NF: membranes with a molecular weight cut-off size (MWCO) of 100–400 

Da are used to retain glucose, lactose and other sugars while passing through 

e.g. water, ethanol and salts. 

In addition, solid-liquid separation prior to the pervaporation step can be 

performed by microfiltration or ultrafiltration to remove temperature-sensitive 

cells or enzymes and to decrease the fouling of membranes (Ezeji & Li 2010). 

Gas stripping 

Gas stripping technique is based on the ability of gas bubbles to capture solvents 

as they go through the fermentation broth, followed by condensation and 

recycling of the gases and collection of solvents. Nitrogen (N2) or gases produced 

during the fermentation (H2, CO2) are used in the process. Separation can be 

continued until all sugars in the fermentor are utilised and the fermentation is 
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ceased. Gas stripping can be used with various fermentation modes including 

batch, fed-batch, fluidised bed and continuous reactors. (Qureshi & Ezeji 2008) 

Liquid-liquid extraction and perstraction 

In liquid-liquid extraction, an organic extractant is mixed with the feed solution, 

i.e. the fermentation broth. Solvents such as ethanol or butanol have higher 

solubility in the organic phase compared to more aqueous fermentation broth and 

thereby solvents concentrate in the extractant. As the selected extractant is water-

insoluble and immiscible with the feed solution, it can be removed from the feed 

mixture after the extraction of butanol. Oleyl alcohol is the most commonly used 

extractant. (Ezeji et al. 2007, Matsumura et al. 1988) In addition, ionic liquids 

have been used as an extractant recently (Ha et al. 2010, Simoni et al. 2010). 

The main advantage of this method is that desired solvents can be separated 

from an aqueous fermentation broth into the solvent (extractant) phase while 

substrates, nutrients and intermediate compounds remain in the fermentation 

broth. However, liquid-liquid extraction also has several disadvantages: the 

solvent used as an extractant may be toxic to the micro-organisms used in the 

process, loss of the extractant, emulsions could be formed and microbial cells 

may be accumulated in the interface between the extractant and the fermentation 

broth. (Ezeji et al. 2007) A technique named perstraction (referred also as 

pertraction) was developed to overcome these problems: instead of a direct 

contact between the extractant and the fermentation broth, a membrane is used as 

a separator for these two phases. After diffusion across the membrane, solvent 

compounds are dissolved in the extractant. (Qureshi & Maddox 2005) 

Extraction may also be performed by using CO2 in supercritical conditions. 

After the extraction, CO2 can easily be recovered by reducing the pressure. 

Process parameters with high pressure (e.g. 40 °C and 100 bar) are however 

expensive to obtain and require special equipment. (Laitinen & Kaunisto 1999, 

Oudshoorn et al. 2009) 

Pervaporation 

Semipermeable, non-porous membranes are used in pervaporation (PV). The 

desired minor compound(s) from a liquid feed solution are diffused through the 

dense membrane and desorbed in the permeate side of the membrane as a vapour 

which can then be condensed back to the liquid state by e.g. a condenser. The 
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driving force, i.e. the chemical potential (μ) gradient of the compounds, can be 

obtained by applying different pressures on opposite sides of the membrane: the 

feed side is under atmospheric pressure, whereas the pressure is reduced in the 

permeate side of the membrane. This can be done by using a vacuum pump, by 

sweeping an inert gas on the permeate side, or by generating a temperature 

difference between the two sides of the membrane. Because only permeated 

compounds are evaporated, lower energy, capital and processing costs can be 

obtained compared to other separation techniques. (Brüschke 2001, Schäfer & 

Crespo 2005, Vane 2005) Issues in relation to pervaporation are discussed in more 

detail in Chapter 6. 

Reverse osmosis 

In reverse osmosis, the liquid solution is pressurised and water is separated 

through a semipermeable membrane. Water removal enhances the product 

concentration and decreases the energy requirements of following distillation. 

Membrane materials such as cellulose acetate, non-cellulose acetate and 

polyamide membranes have been used especially in ethanol applications. (Kosaric 

et al. 2012) Butanol removal is not so widely studied although Garcia et al. (1986) 

reported that polyamide membranes are potential for this application. Qureshi and 

Blaschek (1999) explained the lack of the studies by the fact that acetone present 

in fermentation broth is able to dissolve the membranes used in reverse osmosis. 

Vapour permeation 

The principle in vapour permeation (VP) is similar to pervaporation, but the feed 

mixture to be separated is in a vapour phase (Schäfer & Crespo 2005). Therefore, 

phase change does not occur in vapour permeation. A liquid feed pump is used in 

PV, whereas feed vapours are moved by a blower or a compressor in VP 

processes. Unlike in PV, the driving force is not affected by the feed side 

temperature in VP. Moreover, the flux is determined by the feed side vapour 

pressure, which proportionally influences the partial pressure of each compound 

present in the feed. (Vane 2013) 
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3.4.2 Comparison of separation methods 

The positive and negative features of downstream processing techniques used in 

biochemical butanol and ethanol production processes are listed in Table 8. 

Membrane-based techniques are considered the most potential techniques in 

relation to energy efficiency and selectivity. However, membranes have the 

disadvantage of fouling (Ezeji et al. 2003). 

Table 8. Comparison of separation techniques used in butanol (B) and ethanol (E) 

recovery and purification. 

Technique Process Advantages Disadvantages References 

Adsorption B, E Simplicity, low energy 

requirements 

An additional component 

(adsorbent) needed, may be 

toxic to micro-organism used 

in fermentation, fouling 

Qureshi et al. 2005b, 

Reimelt et al. 2002, 

Levario et al. 2012, 

Ranjan & Moholkar 2012 

Distillation B, E Well-known technique, 

simulation software 

available, easy to 

scale up  

Energy intensive, not able to 

break azeotropic mixtures 

without special applications 

such as azeotropic or 

extractive distillation 

Vane 2008, Huang et al. 

2008, Banat & Al-Shannag 

2000 

Gas stripping B, E Simplicity, low fouling 

tendency 

In development stage, no 

commercial applications 

available yet 

Maddox et al. 1995, Taylor 

et al. 2000, 

Qureshi & Blaschek 2001, 

Ezeji et al. 2003 

Liquid-liquid 

extraction 

B, E Good capacity and 

selectivity, low fouling 

tendency 

Extractant may be toxic to 

micro-organism used in 

fermentation 

Groot et al. 1990, Qureshi 

& Maddox 1995 

Perstraction B Simplicity, good 

selectivity 

High membrane area 

requirements, fouling 

Grobben et al. 1993, 

Qureshi & Maddox 2005 

Pervaporation B, E Simplicity, high 

selectivity, not harmful 

for fermentation 

Fouling of membranes Qureshi & Blaschek 2000, 

Qureshi et al. 2001, 

Ikegami et al. 2004 

Reverse 

osmosis 

B, E Efficient membrane-

based method 

Traditionally used 

membranes dissolve in 

acetone 

Garcia et al. 1986, 

Qureshi & Blaschek 1999 

Vapour 

permeation 

E Not harmful for 

fermentation 

Need to evaporate liquid feed 

into gas phase  

Sommer & Melin 2005, 

Sato et al. 2008, Bolto et 

al. 2011 

Qureshi and Blaschek (2006) reported that the lowest energy requirement for n-

butanol recovery from the ABE fermentation broth was for adsorption onto 
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silicate, followed by pervaporation and gas stripping. The required energy 

amounts were about 8.2, 13.8 and 21.9 MJ kg-1 of butanol, respectively. In 

addition, Oudshoorn et al. (2009) concluded that adsorption and pervaporation are 

energy-efficient techniques. Furthermore, they predicted that energy requirements 

less than 4 MJ kg-1 of butanol may be obtained if high selectivities are realised. 

Moreover, pervaporation and gas stripping have been seen as the most potential 

techniques to be combined with fermentation (Qureshi & Maddox 2005). 

Kaminski et al. (2008) have compared operational costs for ethanol 

concentration from 94 to 99.8 wt%. With the production capacity of 30 ton 

ethanol per day, total costs for azeotropic distillation, molecular sieve adsorption, 

pervaporation and vapour permeation were USD 31.95–45.65, 36.3, 12.6–16.6 

and 15.75 per tonne of dehydrated ethanol, respectively. 
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4 Pervaporation 

The first report in the area of pervaporation was published as early as in 1906, 

concerning the hydrocarbon–alcohol solutions’ selective transport across a thin 

rubber sheet. In 1917, the term pervaporation was presented by Kober in his 

article about selective permeation of water through colloidion (also known as 

cellulose nitrate) bags. During the 1950s and 1960s, attempts were made to 

commercialise pervaporation, but the first successful industrial-scale application 

obtained in 1982 was an alcohol dehydration plant by Gesellschaft für 

Trenntechnik (GFT). (Néel 1991) Nowadays, industrial pervaporation plants are 

in operation at least for ethanol dehydration, the recovery of VOCs from water 

and the separation of organic compounds and mixtures (Baker 2012). 

Pervaporation is a membrane-based separation technique, which has a unique 

feature of phase change during separation. Separation is based on molecular 

interactions among the feed components and the membrane: as each compound 

has a different affinity and diffusion rate through the membrane, it is possible to 

concentrate the desired compound(s) selectively, regardless of their concentration 

in the feed mixture. Hence, pervaporation is used mainly for the separation of 

compounds having a low concentration in the feed mixture. (Schäfer & Crespo 

2005, Vane 2005) 

The principle of pervaporation is shown in Figure 7. The driving force is the 

difference in chemical potential (μ) of the compounds between the feed and 

permeate sides of the membrane. Furthermore, it should be noticed that the linear 

concentration profile across the membrane in the Figure would require a constant 

diffusion coefficient. In practice, the case is usually not as straightforward. The 

transport mechanism during the permeation of desired compound(s) through the 

membrane can be described by the solution-diffusion model, which includes three 

steps (Baig 2008): 

1. Sorption of the compound(s) from the feed into the membrane (liquid phase) 

2. Diffusion through the membrane  

3. Desorption of the compound(s) on the permeate side of the membrane as a 

vapour. 

Another way to explain the mass transport in pervaporation is a pore flow model, 

with an assumption that a liquid-vapour phase boundary exists inside the 

membrane. In this model, pervaporation is seen as a combination of liquid and 

vapour transports occurring in series. (George & Thomas 2001)  
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Fig. 7. The principle of pervaporation (based on Brüschke 2001, Schäfer & Crespo 

2005, García 2009). 

Sorption and diffusion are the key steps in controlling the compound’s 

permeability i.e. transport across a membrane. Sorption depends mainly on the 

polarity of the membrane and the desired compound(s) and it should be about 

similar for both. Diffusion determines the transport rate of the compound across 

the membrane and the shape and molar volume of the compound are the most 

crucial factors as the smallest compounds have the highest mobility. (George & 

Thomas 2001) 

By applying a vacuum or passing a sweep gas on the permeate side of the 

membrane, the target compound can be further transported out from the 

membrane surface in the permeate side. Consequently, the concentration of this 

compound is around zero on the membrane surface all the time, keeping the 

concentration gradient between the membrane surfaces at a maximum level. In 

the end, the permeate vapour is collected and condensed back to liquid form to 

ease further handling. (Schäfer & Crespo 2005) 

Pervaporation can be divided into three categories according to how the 

decreased solute partial pressure in the permeate side of the membrane is 

accomplished: the vacuum pervaporation uses a vacuum pump, whereas in the 

sweeping gas pervaporation an inert gas is swept on the permeate side (Kujawski 

Feed side 
(liquid phase)

Permeate side
(gas phase)

₀ More permeable 
compound

• Less permeable 
compound

① Sorption 
② Diffusion
③ Desorption

① ② ③

Feed 

Retentate Permeate

μf > μp
Pf > Pp

•     •
•   ₒ  •  

•ₒ      • ₒ    
• 

•     •    •          
•   ₒ

•            
• ₒ    •  •    

•    •      • ₒ      
ₒ     •     ₒ

•      •  
•

ₒ
ₒ   •   ₒ 

ₒ   •   ₒ
ₒ    •

membrane

Bulk feed Boundary 
layer

Concentration

Temperature

Porous 
support 
layer

Non-porous 
selective layer



 

 51

& Krajewski 2004) and the thermopervaporation utilises a temperature difference 

(Borisov et al. 2011). 

4.1 Applications 

Pervaporation is used mainly in three different applications: 

– dehydration of organic solvents (e.g. alcohols, ethers, esters, acids) 

– removal of dilute organic compounds (e.g. VOCs, aroma compounds, 

biofuels from fermentation broths) from aqueous streams 

– separation of organic–organic mixtures (e.g. methyl tert-butyl ether (MTBE) 

and methanol separation or dimethyl carbonate (DMC) and methanol 

separation). 

At the moment, dehydration of ethanol or isopropanol is the most important 

industrial application area of pervaporation and the water removal from 

bioethanol is seen to have the greatest commercial potential in the near future. 

(Baker 2012) 

4.2 Advantages of pervaporation 

Pervaporation is a superior technique in some special applications, including the 

separation of azeotropic mixtures, heat sensitive compounds, mixtures including 

close-boiling point mixtures, or recovery of VOCs or impurities with minor 

concentrations in the feed solution (Shao & Huang 2007, Chapman et al. 2008). 

In addition, pervaporation has mild operating conditions, there is no need for 

inserting any additional compounds into the process and there are no emissions to 

the environment (Shao & Huang 2007). Furthermore, the possibility to obtain 

hybrid processes, e.g. by integrating a fermentor with a pervaporation unit as an 

ISPR system or by combining other separation methods together with 

pervaporation, makes increased product yields and efficiency possible. 

4.3 Membranes 

Different kinds of dense, semi-permeable membranes are used in pervaporation. 

Pervaporation membranes are classified as dense, but free volume exists between 

the macromolecular chains of the membrane, allowing the compound(s) diffusion 

through the membrane. As the nature of the membrane defines the separation, a 
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suitable membrane material should be selected for each separation case: 

hydrophilic membranes have a preferential permeation for water and are used in 

dehydration processes, whereas hydrophobic (organophilic) membranes have a 

preferential permeation for organic non-polar compounds (Brüschke 2001). 

Polymeric membranes (Table 9) are the most applied ones, but also non-

polymeric such as ceramic and zeolite membranes are used. 

Table 9. Polymeric membranes used in butanol recovery and alcohol dehydration. 

Application Membrane Reference 

Butanol 

recovery 

Liquid membranes Matsumura & Kataoka 1987, Thongsukmak & 

Sirkar 2007, Izák et al. 2008 

(hydrophobic 

membranes) 

Polydimethylsiloxane (PDMS) Böddeker et al. 1990, Favre et al. 1996, 

Jonquieres & Fane 1997, Qureshi et al. 1999. 

Niemistö et al. 2013a (Paper IV), Rozicka et al. 

2014 

 Polyether block amide (PEBA) Liu et al. 2005, Fouad & Feng 2008 

 Polypropylene (PP) Friedl et al. 1991, Gapes et al. 1996 

 polytetrafluoroethylene (PTFE) Vrana et al. 1993 

 Poly(1-trimethylsilyl-1-propyne) (PTMSP) Fadeev et al. 2000; 2003 

 Polyvinylinede fluoride (PVDF) Srinivasan et al. 2007 

Alcohol 

dehydration 

(hydrophilic 

membranes)  

Alginate Yeom et al. 1996; Yeom & Lee 1998, Huang et 

al. 1999; 2000 

Chitosan Ge et al. 2000, Chanacai et al. 2000, Jiraratanon 

et al. 2002, Zhang et al. 2007 

 Polyvinyl alcohol (PVA) Svang-Ariyaskul et al. 2006, Rao et al. 2007, 

Niemistö et al. 2013b (Paper V) 

Besides good chemical, mechanical and thermal stability, membranes should also 

have a high flux and a good selectivity towards the desired compounds. 

Membrane modules can be used in the form of flat sheets, plates, spiral wounds, 

envelopes or as (hollow) tubular modules (Brüschke 2001). 

Membranes manufactured from polydimethylsiloxane (PDMS) are commonly 

used in the recovery of butanol from aqueous solutions because of the extremely 

hydrophobic properties, easy fabrication and good stability of this polymer (Li et 

al. 2010) while polyvinyl alcohol (PVA)-based membranes are usually applied for 

ethanol dehydration (Chapman et al. 2009). 

A symmetric homopolymeric membrane is composed of only a single 

polymer and has the same structure throughout the membrane. However, 

composite membranes having a porous support layer and a thin separation i.e. 
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active layer are nowadays widely used due to a better separation efficiency and 

membrane stability. (Brüschke 2001) A highly porous support layer with 

sufficient mechanical stiffness enables good transport across the membrane and 

also braces the active layer (Li et al. 2010). The composite membrane used in the 

experimental work and reported in Paper IV is presented in Figure 8. 

 

Fig. 8. The cross-sectional SEM photograph of PDMS-PAN composite membrane at a 

magnification of 1000 times (IV, published with the permission of Elsevier). 

4.4 Factors affecting the pervaporation performance 

In addition to the membrane material, nature and thickness, the process conditions 

have a strong impact on pervaporation (Qureshi & Blaschek 1999). Mass transfer 

resistances can be determined by e.g. the membrane thickness and permeability, 

design of the membrane module, flow rates on both sides of the membrane and 

the permeate pressure (Vane 2013). Further, the polarisation phenomena together 

with coupling effects, and the swelling or fouling of the membrane are issues to 

be considered. 

4.4.1 Process conditions 

On the feed side, a partial vapour pressure of a compound depends on the feed 

components, their nature, concentration and temperature: an increase in the feed 

temperature or the feed concentration of the desired compound will increase the 

sorption and diffusion of the compound. In contrast, the total pressure is 

meaningless with the understanding that the liquid feed solution is incompressible. 

Therefore, when a constant feed temperature is used, the only way to increase the 
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driving force is to reduce the partial vapour pressure on the permeate side of the 

membrane. (Brüschke 2001) 

4.4.2 Concentration and temperature polarisation 

In an ideal case, the concentration of one compound is assumed to be equal both 

in the bulk feed solution and on the membrane surface. In practice, however, the 

concentration gradient is created because compounds are permeating at different 

rates and may be depleted in the boundary layer of the membrane (Figure 7). The 

depletion occurs if the flux of a compound is higher across the membrane than 

through the boundary layer. Moreover, the concentration of a depleted compound 

decreases in the feed side of the membrane, leading to a decreased concentration 

gradient and flux. (Schäfer & Crespo 2005) This phenomenon is called the 

concentration polarisation. It may change the permeation across the membrane 

due the increased mass transfer resistance. (Baker 2012) A resistance-in-series 

model describes the concentration polarization and the total mass transfer 

resistance being the sum of resistances in the boundary layer and in the membrane 

(Feng & Huang 1997). 

As energy is needed for the phase change, the temperature is decreased in the 

boundary layer compared to the bulk feed (Figure 7). This reduction in 

temperature will decrease the flux as the process is temperature-dependent. 

Polarisation effects may be at least partly reduced by a regular mixing of the feed 

or by obtaining turbulent feed flow (a high Reynold’s number) with a proper 

module design. (Brüschke 2001) However, Schäfer and Crespo (2005) pointed 

out that the fluid dynamics of feed compounds on the external mass transfer 

boundary layer plays an important role especially within the recovery of 

hydrophobic organic compounds from dilute aqueous solutions: the concentration 

polarisation occurs easily as the partition of organic compounds is highly 

favourable towards the membrane. In these cases, the separation selectivity may 

be controlled by mass transfer at the feed side of the membrane instead of the 

membrane-controlled separation process. 

4.4.3 Coupling effects 

Coupling effects may occur within multicomponent mixtures by mutual 

interactions of permeating compounds with each other and the membrane. 

Coupling phenomena consists of kinetic and thermodynamic parts: Kinetic 
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coupling occurs when a component with a slower rate of permeation is dragged 

across the membrane by a component with a greater permeation rate. Thereby the 

permeability of the slower component is higher in multicomponent mixture 

compared to the permeation rate in the binary case. Thermodynamic coupling 

may be defined by the altered concentration of a compound due to the presence of 

other compounds in the solution. (Ren & Jiang 1998, Raisi & Aroujalian 2011) 

4.4.4 Swelling or fouling of the membrane 

Permeating compounds may change the properties of polymeric membranes. 

Membrane swelling means the increase in the membrane volume caused by the 

dissolution of solutes into the membrane: especially high solute concentrations 

cause changes in the polymer chains and increase the space between the chains. 

Consequently, the permeability increases but at the expense of decreased 

membrane selectivity. (Schäfer & Crespo 2005) 

Membrane modifications, for example a crosslinking, can be used in order to 

increase the strength of the membrane and to reduce membrane swelling 

(Chapman et al. 2008). The crosslinking is able to limit the movement of polymer 

chains of the membrane, thereby reducing the swelling (Shao & Huang 2007). 

Membranes can also be filled to improve the selective permeation and the flux by 

absorbing the desired compounds inside the membrane. For example, silicates 

(Jonquieres & Fane 1997, Huang & Meagher 2001, Fouad & Feng 2008) and 

zeolites (Vankelecom et al. 1995, Favre et al. 1996) are used as fillers of PDMS 

membranes. 

Membrane fouling (or even clogging) by the feed components is one of the 

main drawbacks of pervaporation and other membrane techniques. In particular, 

when the fermentation broth is in direct contact with the membrane, cell 

components may occupy the free volume of the membrane, thus causing the 

fouling. (Fadeev et al. 2000, Vane 2005) Advanced module design through the 

use of e.g. vibrating membrane modules, backflushing or increased cross-flow 

velocity of the feed solution may decrease membrane fouling (Ezeji & Li 2010). 

4.5 Characterisation of membrane performance 

The separation performance of the membrane can be evaluated by several 

parameters. The most commonly used is the permeation flux (Ji), the rate at which 

a compound i passes through the membrane per unit of time (Eq. 14), 
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where mi is the weight of the compound i in the permeate, A is the effective area 

of the membrane and t is the time of permeation. 

The separation factor is also a commonly used parameter (Eq. 15): 
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or by using mass concentrations (Eq. 16): 
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where yi and xi are the mass fractions of the compound i in the permeate and feed, 

and w is the mass concentration of compounds i and j in the permeate (y) and in 

the feed (x), respectively. 

Further, the pervaporation separation index (PSI) combines the total flux (Jt) 

and the separation factor together (Eq. 17), enabling a more realistic comparison 

of different membranes and separation cases 

  t iPSI J  α 1   . (17) 

The comparison of separation performance in different cases can be very difficult 

due to the variation in operating conditions such as concentration and temperature 

of the feed or permeate pressure. It has been pointed out that experimental results 

are also possible to report by decoupling the operating conditions by using the 

driving force normalised permeation properties, i.e. permeability or permeance 

(Wijmans 2001, Guo et al. 2004, Baker et al. 2010). 

Based on the solution-diffusion model, the pervaporation transportation 

equation for a compound i through the membrane can be expressed as (Eq. 18): 

    i
i i i,f i,p i,f i,p

P
J Q p p p p

l
      

, (18) 

where Qi is the membrane permeance, Pi is the membrane permeability, and l is 

the membrane thickness. Terms pi,f and pi,p are the partial vapour pressures of 

component i in the feed and permeate, respectively. They can be defined based on 

Raoult’s law: the following Equation (19) is obtained for partial vapour pressure 

of component i in the feed: 
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 sat
i,f i i,f ip γ X p , (19) 

where γi is the activity coefficient and Xi,f is the mole fraction of the compound i 

in the feed, sat
i p  is the saturated vapour pressure of the pure compound i at a given 

temperature. In the permeate side, the vapour pressure for compound i can be 

determined as (Eq. 20): 

 p
i,p ip  Y p , (20) 

where Yi is the mole fraction of the compound i in the permeate, and pp is the 

pressure in the permeate side of the process, respectively. The values for activity 

coefficients (γi) and saturated vapour pressure of pure compounds ( sat
ip ) in Eqs. 

19 and 20 can be defined either by computer software or from the literature-based 

data collections (Baker et al. 2010). 

By the rearrangement of Eqs. 18–20, the membrane permeance can be 

described as 

  
i

i sat p
i i i i

J
Q

X γ p Yp



. (21) 

Selectivity can also be determined by using membrane permeances, and hence for 

instance water/ethanol selectivity ( 2H O
EtOHα ) can be calculated as (Eq. 22): 

 22 H OH O
EtOH 

EtOH

Q
α

Q
 . (22) 
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5 Sustainability 

Increased population growth and consumption have raised concerns over the 

environment´s carrying capacity. The concept of sustainable development, better 

known as sustainability, was established in the World Conservation Strategy 

prepared by the International Union for Conservation of Nature (IUCN) in co-

operation with United Nations Environment Programme and the World Wide 

Fund for Nature (IUCN 1980, 18): 

“Development is defined here as: the modification of the biosphere and the 

application of human, financial, living and non-living resources to satisfy 

human needs and improve the quality of human life. For development to be 

sustainable it must take account of social and ecological factors, as well as 

economic ones; of the living and non-living resource base; and of the long 

term as well as the short term advantages and disadvantages of alternative 

actions.” 

A more widely used definition is however stated by the World Commission of 

Environmental and Development (WCED) in their report “Our common future”, 

also known as the Brundtland Report from 1987: 

“Sustainable development is development that meets the needs of the present 

without compromising the ability of future generations to meet their own 

needs.” 

One of the key issues in sustainability is to take account of the carrying capacity 

of Earth within the consumption of natural resources. The goal is to obtain well-

being society with a good quality of life, but to do that with low and efficient 

material use coupled with as few negative environmental impacts as possible. The 

integration of economic activities, environmental conservation and social 

concerns is not easy, but nowadays the sustainability has been included in the 

decision-making both in national administration and corporates, as well as within 

individual consumers. (Perdan 2011) 

5.1 Triple bottom line approach and evaluation tools 

Especially for corporates, sustainable development has been further described as 

the “triple bottom line perspective” (Elkington 1999). This concept is also known 

as the “triple P”: people, planet and profits, including economic, environmental 
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and social aspects. In practice, these three aspects usually overlap each other 

without any clear borders. For example, the economy is included within society, 

whereas society is present inside the surrounding environment. (Manley et al. 

2008) 

For the evaluation of sustainability within the process industry, concepts such 

as eco-efficiency, green chemistry and green engineering have been developed. 

An eco-efficient process generates more products or services but less waste and 

pollutants from a reduced amount of resources (Perdan & Azapagic 2011). Thus, 

eco-efficiency is in close relation to resource efficiency and resource use 

optimisation. Principles of green chemistry (Anastas & Warner 1998) and green 

engineering (Anastas & Zimmerman 2003; 2006) provide a framework to 

engineers for the development of more benign chemical processes. 

Measuring sustainable development is still challenging because there is no 

commonly accepted methodology available. At the international level, the United 

Nations and the EU, for instance, have set lists of sustainability indicators as a 

way to quantify and monitor sustainability. In addition, national and local-level 

indicators have been developed in the United Kingdom, for example, to support 

the national strategy for sustainable development. (Perdan & Azapagic 2011) 

Sustainability indexes proposed by the American Institute of Chemical Engineers 

(AIChE) and sustainability metrics of the Institution of Chemical Engineers 

(IChemE) are also used in corporations’ sustainability management (Powell 

2010). 

By this far, the established assessment tools and methods have been restricted 

mainly to environmental impact determination. These kinds of tools include life 

cycle assessment (LCA), life cycle inventory (LCI) and design for the 

environment (DfE) (Santos-Reyes & Lawlor-Wrigth 2001, Azapagic 2011). For 

greenhouse gas (GHG) emission assessments, such as the GHGenius model 

(Natural Resources Canada 2007) and a well-to-wheels analysis model named 

GREET, the Greenhouse Gases, Regulated Emissions and Energy Use in 

Transportation, (Argonne National Laboratory 2012) have been developed. There 

are also modelling and optimisation tools such as Aspen Plus and Aspen Icarus 

available for the development of unit processes including fermentation and 

separation steps, for example (van der Merwe et al. 2013). 

The evaluation of sustainability is complex and challenging, although several 

different indicators, concepts and tools have been developed. In order to enable 

the selection of relevant indicators and comparable results, further harmonisation 

of the methods is needed with commonly accepted criteria and guidelines. 



 

 61

5.2 Sustainability in relation to biofuels production 

5.2.1 Legislation 

Legislation and governmental policies are the key promoters of the production 

and use of biofuels. For example, in the European Union’s regulation, Directive 

2003/30/EC (2003) included the aim to cover a 5.75% share of transportation 

fuels by biofuels or other renewable fuels by the year 2010. The target was 

increased by the Renewable Energy Directive (RED) to a 10% share of biofuels 

in the transportation sector by 2020 (Directive 2009/28/EC). Biofuels produced 

from lignocellulosic or non-food cellulosic material, wastes or residues are 

counted as double share in comparison to biofuels produced from other sources. 

Further, the Fuel Quality Directive (FQD) sets the minimum quality requirements 

for transportation biofuels (Directive 2009/30/EC). 

The RED Directive takes into account sustainability by means of reduced 

emissions: a target for the minimum 35% reduction (50% for new installations 

starting biofuel production in 2017 and 60% for those starting in 2018) of 

greenhouse gas emissions as compared to fossil fuels is set. Three articles on 

sustainability are included in the Directive: 

– Sustainability criteria for biofuels and bioliquids (Article 17) 

– Verification and compliance with the sustainability criteria for biofuels and 

bioliquids (Article 18) 

– Calculations of the GHG impact of biofuels and bioliquids (Article 19). 

The contents of these articles have been described briefly in Paper III. The main 

requirements state that areas of high biodiversity and high carbon stock are not 

allowed to be used and sustainability of biofuels used in the EU should be 

checked by the Member States of the EU. 

The Directive also includes a methodology for GHG emission calculations 

and default values for 22 biofuel production pathways. However, it focuses on 

environmental issues and there are no mandatory criteria for economic and social 

sustainability. There is also a voluntary certification system available to guarantee 

that biofuels are produced in a sustainable way and according to criteria set in the 

RED Directive. At the moment, 14 voluntary schemes applied in 27 EU Member 

States are recognised by the European Commission. (European Commission 

2013) 
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The practical implementation of sustainability criteria is still in progress, but 

some standards are available. For instance, parts 1, 3 and 4 of the European 

Standard EN 16214 ‘Sustainably produced biomass for bioenergy applications’ 

have been published recently, while parts 2 and 5 are not approved yet (CEN 

2013). In addition, an international standard ISO/CD 13065 ‘Sustainability 

criteria for bioenergy’ is under development and expected to be published by 

April 2015 (ISO 2013). 

5.2.2 Economic, environmental and social impacts 

The main impacts connected to the production of biofuels are listed in Table 10 

and are discussed in detail in Paper III. It should be noted that regardless of their 

importance, the implemented legislation and standards drawn up by the EU do not 

include GHG emissions, land-use change issues or indirect effects, for example. 

Table 10. Positive and negative impacts related to biofuels production (Heck 2004, 

Huesemann 2004, Demirbas 2009, Abbasi & Abbasi 2010). 

Aspect Positive impacts Negative impacts/Risks 

Economic Regional added value by e.g. generation 

of jobs, increased the purchasing power 

and higher tax incomes 

 

Low revenues if capital and operational 

costs are high 

Environmental Reduced fossil fuel need, reduced GHG 

emissions, less energy consumption and 

waste generation by advanced 

processing methods 

 

Direct/indirect land-use change 

(LUC/ILUC), removal of nutrients, 

water run-off, soil erosion, decreased 

biodiversity, use of toxic chemicals 

Social Improved energy security, increased 

employment, development of rural areas, 

education and training opportunities, 

innovation and knowledge potential 

Ethical issues: competing demand with 

food usage (first-generation feedstock), 

safety of employees 

Ramey & Yang (2004) calculated production costs of butanol to be USD 0.28 L-1 

from corn, whereas costs were USD 0.14 L-1 when using whey permeate as the 

feedstock. Recently, Kumar et al. (2012) made a comparison between different 

cellulosic feedstock including bagasse, barley straw, switchgrass and wheat straw 

and non-cellulosic feedstock, namely corn, glucose, sago and sugarcane. They 

concluded that sugarcane and cellulosic biomasses were economically feasible 

choices having production costs from USD 0.59 to 0.75 L-1. In addition, 
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Environmental Energy Inc. announced a cost estimate of USD 0.32 L-1 for 

industrial-scale production in 2006, which is still less compared to the petroleum-

based price of USD 0.36 L-1 (Ethanol produced magazine 2006). Production costs 

of the Oxo process starting from propylene are however sensitive to the 

fluctuation of the crude oil price. 

On the other hand, Pfromm et al. (2010) have stated that corn- and 

switchgrass-based butanol production via the ABE process at the known technical 

level is not feasible when compared to ethanol production via yeast fermentation. 

The low yield, productivity and fermentor volume were the main disadvantages of 

the process performance. Moreover, van der Merwe et al. (2013) used Aspen-

based software for process modelling and economic analyses. They compared 

batch and fed-batch techniques, three different bacterium strains (C. beijerinckii 

BA101 and C. acetobutylicum strains ATCC 824 and PCSIR-10), and 

downstream processing by either liquid-liquid extraction, gas stripping with CO2 

or steam stripping distillation. Based on the economic conditions in South Africa, 

only the fed-batch fermentation along with gas stripping was found to be a 

profitable alternative. However, gas stripping is not yet a proven technique for 

industrial-scale operation. (van der Merwe et al. 2013) 

In the literature, information exists about the life cycle assessment of 

bioethanol and biobutanol production (Hammerschlag 2006, Wu et al. 2008, 

Davis et al. 2009, Swana et al. 2011). With sustainable harvesting of current 

yields in the US, biomasses including corn stover, hybrid poplar, switchgrass and 

wheat straw may be converted to 3.13 × 1010 L of biobutanol (replacing 

2.64 × 1010 L of gasoline) or 3.9 × 1010 L of bioethanol (replacing 2.86 × 1010 L of 

gasoline), respectively (Swana et al. 2011). However, in consideration of the 

average total gasoline consumption of 1.39 × 109 L per day in the US in 2011 

(EIA 2012), also other feedstock are needed in order to increase the share of 

renewable biofuels as a replacement for gasoline. 
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6 Process intensification 

Process intensification is a chemical and process engineering-oriented concept 

aiming at enhanced production processes. The term was first described as a 

strategy aiming at size reduction of a chemical plant by Colin Ramshaw in the 

1980s. Later, Stankiewicz & Moulijn (2000) proposed a wider definition with an 

idea that process intensification includes any chemical engineering development 

leading to dramatic processing improvements such as cleaner, safer, smaller, and 

more energy-efficient technologies. 

In the European roadmap for process intensification (2008), the European 

Federation of Chemical Engineering (EFCE) states that besides miniaturisation 

and safety, sustainability aspects are also taken into account in the form of 

reduction of costs, energy consumption, material usage and generation of waste. 

EFCE’s definition is: 

“Process Intensification provides radically innovative principles (“paradigm 

shift”) in process and equipment design which can benefit (often with more 

than a factor two) process and chain efficiency, capital and operating 

expenses, quality, wastes, process safety and more.” 

It is notable that while process optimisation aims to improve existing process 

concepts mainly via modelling, the target in process intensification is to develop 

novel concepts for processing methods and equipment (EFCE 2008: 24). 

6.1 Main challenges and improvement areas in biofuel production 

Generally, the main weaknesses for the fermentative production processes of both 

biobutanol and bioethanol are 

– Costly feedstock 

– Low yield in fermentation due the products inhibiting the growth and 

metabolism of the fermenting micro-organisms i.e. yeasts or bacteria 

– Expensive unit operations needed in pre-treatment and separation processes. 

The most crucial difficulties and suggested improvements of the biobutanol 

production process are shown in Table 11. Low-cost feedstock with good 

availability, enhanced processing techniques – particularly for separation steps 

and advanced fermentation practises – are the key issues in moving towards an 

efficient and sustainable processing of renewable biomass. 
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Table 11. Challenges and suggested improvements of the biobutanol production 

process (II, published with the permission of Springer). 

Process step Challenges Suggested improvements References 

Feedstock Price, availability, composition, 

costs of cultivation, harvest, 

transportation and handling 

Use of cheaper and more sustainable 

non-edible raw materials such as 

easily available lignocellulosics, 

wastes or residues from industry or 

agriculture 

Qureshi & Ezeji 

2008 

Pre-treatment Costs of chemicals, equipment 

and energy, efficiency 

(structural changes, sugar 

yield), formation of inhibitors 

Development of more efficient and/ 

or novel methods, such as use of ionic 

liquids 

Use of detoxification methods 

Kumar et al. 

2009, 

Li et al. 2010a, 

Liu & Blaschek 

2010 

Hydrolysis Acid hydrolysis: costs of  

chemicals, corrosion of the  

equipment 

 

Enzymatic hydrolysis: 

slowness, costs of enzymes 

Combined pre-treatment and 

hydrolysis steps (e.g. fractionation 

with chemicals, ionic liquids, hot 

water, supercritical conditions) 

Development of enzymatic hydrolysis 

to gain better selectivity and faster 

hydrolysis 

Li et al. 2008, 

Jørgensen et al. 

2007 

Fermentation Low solvent yield, product 

inhibition, slow metabolism and 

other limitations of Clostridia 

Development of genetically modified 

bacterium strains (more efficient 

solvent production, better tolerance 

against solvents) and advanced 

fermentation techniques such as 

continuous fermentation and in situ 

product recovery (ISPR) 

Qureshi & Ezeji 

2008, Lee et al. 

2008b 

Downstream 

processing 

Costs (equipment and energy), 

low product concentration vs. 

high boiling point of butanol, 

energy intensivity of distillation 

Development of more energy-efficient 

methods for the recovery and 

purification of the solvents (e.g. 

membrane separation methods such 

as pervaporation) 

Vane 2005; 2008, 

Izák et al. 2008, 

Sustainability 

evaluation 

Setting of boundaries for 

evaluation/calculations, choice 

of relevant indicators, lack of 

data from the process, 

comparison to other 

cases/evaluations difficult 

Development of guidelines and 

harmonisation of evaluation 

processes. Generation of general 

databases and evaluation 

programmes. 

Concentration not only on one index 

(e.g. greenhouse gas emissions) in 

the evaluation, but trying to take all 

sustainability aspects (environmental, 

economic and social) into account 

Niemistö et al. 

2013c; 2013d 

(Papers II and III)  
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6.2 Biorefinery thinking 

According to the National Renewable Energy Laboratory in the United States 

(NREL 2009), a biorefinery is a facility where biomass conversion processes and 

equipment are integrated together to produce several different products 

simultaneously. 

According to a review by Kamm et al. (2012), several biorefinery systems 

have already been developed, including raw materials such as cereals or maize (a 

whole-crop biorefinery), lignocellulosics (a lignocellulosic feedstock biorefinery), 

“green” biomasses, e.g. alfalfa, green grass, or immature cereals (a green 

biorefinery). In addition, a two-platform concept has been developed including 

biochemical conversion of biomass to sugars and products (a sugar platform) in 

addition to biomass gasification by thermochemical conversion (a syngas 

platform). (Kamm et al. 2012)  

The key aims of the biorefinery concept are to meet the national energy needs 

and to produce substitutes for fossil fuel-based products. Typically, some special 

chemicals having low volumes but high economic value are produced to increase 

profit, accompanied by high-volume products with lower economic value (e.g. 

fuels or some bulk chemicals). If heat or electricity is generated during processing, 

it is either used in the process itself or sold. (Kamm et al. 2012) 

6.3 Separation and utilisation of valuable compounds fractionated 

in upstream processing 

Closely related to biorefinery thinking, it has been noted that improved resource 

efficiency is obtainable by separating valuable compounds during upstream 

processing. This means that the goal of upstream processing is not only to obtain 

sugars for the fermentation step, but also to efficiently utilise the whole feedstock 

biomass. 

Lignocellulosic biomass includes a huge amount of valuable compounds and 

chemicals (Table 12). For example, some inhibitors such as levulinic acid, 

phenolics or vanillin present in hydrolysates can be classified as valuable 

compounds. By removing inhibitors from the hydrolysates prior to the 

fermentation step, not only is the fermentation productivity enhanced, but also 

new products can be obtained by the purification or conversion of inhibitors. 
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Table 12. Possible products and applications of the butanol biorefinery based on 

lignocellulosic raw materials (I, published with the permission of Elsevier). 

Biomass fraction    Compound Products and usage 

Cellulose Hexoses, e.g. glucose Acetone, butanol, and ethanol, H2, CO2: fuels and 

chemicals 

 HMF1 Compounds used in food industry 

FDCA2: starting compound for the production of polyamides 

and polyesters (replacement of terephthalic acid) 

 Levulinic acid Softener, solvents, lubricants, chemicals and polymers 

Hemicellulose Pentoses, e.g. xylose Acetone, butanol, and ethanol, H2, CO2: fuels and 

chemicals 

 Furfural (2-furaldehyde) Selective solvent, flavour ingredient 

Lignin Kraft lignin Heat production, activated carbon, carbon black substitutes, 

phenolic resin components, reinforcer in rubber, raw 

materials for methylsulphonate production 

 Lignosulphonates 

(from sulphite pulping 

process), crude spent 

liquor, lignosulphonates 

Agricultural dispersants and emulsifiers, dust suppression 

and road stabilisation, granulation and agglomeration, 

grinding aids, extenders for feed molasses, feed and pellet 

binders 

 Refined lignosulphonates Cement manufacture, concrete admixtures, tanning agent, 

gypsum board manufacture, refractory ceramics and clays, 

phenolic resins, dispersants for dye and pigment, oil well 

drilling fluids, protein precipitants, lead acid storage battery 

plates 

Extractives Conjugated linoleic acids Antioxidants, antitumor properties, dietary supplements 

 Flavonoids Medical applications 

 HMR3 Dietary supplement 

 Phenolic compounds 

(from e.g. knotwood) 

Technical or biological antioxidants, functional foods, 

pharmaceuticals, natural biocides e.g. bactericides, 

fungicides, pesticides 

 Tannins Medical applications 

 Sterols Sitosterol (lowering of cholesterol level of blood) 

 Vanillin Flavour in food industry, aroma in cosmetics, chemical 

intermediate 

 Wood and bark tars and 

resins 

Turpentine, tall oil products, tannins, stilbenes, wood bark 

tars and resins 
1HFM: 5-hydroxymethylfurfural, 2FCDA: Furan-2,5-dicarboxylic acid, 3HMR: hydroxymatairesinol. 

The evaluation of potential products, their market and value vs. separation and 

processing cost is essential when making decisions on the biorefinery’s product 

family. In some cases, it could be more beneficial to utilise the biomass as heat or 
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electricity of the plant than to process it into further products. Sustainability 

should also be taken into consideration in the process design. The development of 

novel separation techniques to be used at an industrial level will bring new 

solutions and alternatives to processing. 

6.4 Utilisation of fermentation by-products 

The production process can be intensified further also by exploiting by-products 

and waste materials as efficiently as possible. For instance, fermentation gases 

and cell mass produced during the fermentation can be utilised to improve both 

the profit and pollution prevention of the process. 

Fermentation gases (CO2 and H2) may be collected and utilised for instance 

as liquid CO2, dry ice or hydrogen fuel (Zverlov et al. 2006). Gases may also be 

converted first to methanol and then processed further to various products 

including carbonic esters, dimethyl carbonate, and dimethyl ether (Raudaskoski et 

al. 2009, Pongrácz et al. 2009). 

Besides liquid products, a cell mass is produced during fermentation. The cell 

mass may be used as animal feed, as it contains sugars, vitamins and proteins, for 

instance. Another alternative is to use the cell mass for methane fermentation and 

use this biogas as heat in the process (Zverlov et al. 2006). 
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7 Materials and methods 

7.1 Sustainability assessment of biobutanol feedstock 

In this study, four different biomass categories were compared as raw materials 

for biobutanol production. The triple bottom line assessment method, developed 

by Saavalainen et al. (2013; 2014) was used in the comparison of economic, 

environmental and social impacts. 

Concerning the comparability of different cases, the determination of 

boundaries for the process under evaluation is important. In this study, it was 

assumed that the production process is located in Finland or some Western 

European country. The sustainability assessment was focused on cultivation, 

harvest or collection, and upstream processing steps of the selected feedstock 

while further processing steps were excluded. Four different feedstock sources, i.e. 

edible crops, non-edible crops, food industry by-products, and wood-based 

biomasses, were selected, and the representative feedstock material for each of 

these biomass categories was used in the comparison. Biomass categories and 

assumptions regarding each biomass category are presented in Table 13. 

Table 13. Assumptions for the feedstock in sustainability assessment (modified from 

Paper III, published with the permission of SDEWES Centre). 

Feedstock Assumptions 

Corn 

(Food crop) 

Crop biomass, imported, could be used as a food  

Starch/sugar (glucose) content ~71% 

In cultivation, a lot of water as well as fertilisers and pesticides are required. Pre-

treatment is performed by wet milling with sulphuric acid 

Sawdust 

(Wood-based 

biomass) 

Wood-based biomass, an industrial by-product that would otherwise be used in the 

energy production 

Sugar (cellulose and hemicellulose) content ~70% 

Biobutanol production facility is integrated with a pulp and paper factory  

Steam from pulp and paper factory can be utilised in the pre-treatment step 

Straw 

(Non-food crop) 

Non-edible crop biomass or agricultural waste 

Sugar (cellulose and hemicellulose) content ~70%  

Contains also ashes and extractives which make processing more complicated 

Whey permeate 

(Food industry by-

product) 

Food industry by-product, could be used as fodder or as raw material for nutrient 

additives/products 

Sugar (lactose) content ~50%  

Biobutanol production facility is integrated with a food industrial factory 



 

 72

In total, twelve indicators were chosen for the sustainability assessment in order 

to define the most important impacts of the production process: 

– Economic indicators: feedstock price, processing costs, value added 

– Environmental indicators: water consumption, hazardous and toxic material 

usage, biodiversity and land use, wastes vs. by-products, energy 

– Social indicators: ethicality and competing demand, customer acceptance and 

social dialogue, employment effects, innovation and educational potential. 

Impacts for each indicator were defined qualitatively by a numerical value from -

2 to +2. If the selected feedstock was assumed to have no influence in either a 

negative or a positive direction, the value of 0 was given. To make the 

comparison more concrete, the results were visualised as spider diagrams. 

7.2 Solvent recovery from model solutions 

7.2.1 The pervaporation membrane and feed solutions 

The composite membrane used in the experiments was purchased from Pervatech 

(the Netherlands). The separation layer containing polydimethylsiloxane (PDMS) 

had the thickness of about 4.0 μm while that of the asymmetric polyacrylonitrile 

(PAN) support layer was over 100 μm. The effective area of the membrane was 

1.7 · 10-2 m2. 

Several model feed solutions were used in testing the membrane performance 

and suitability for separation of the solvents obtainable from biobutanol 

fermentation (ABE process): Depending on the used (modified) bacterium strain 

the solvents and their ratios vary and for example ethanol may not be produced. 

Feed solutions were prepared with distilled water and solvents (acetone, n-butanol 

and ethanol) of analytical grade purity (Table 14). For binary mixtures, organic 

solvent was added to water and mixed with a magnetic stirrer. Ternary and 

quaternary solutions were prepared by first weighting and mixing organic 

compounds together, and then adding them into distilled water and blending the 

solution with a magnetic stirrer. Solutions containing n-butanol were blended 

overnight in order to ensure proper mixing prior to the experiment. 
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Table 14. Initial feed concentrations used in the pervaporation experiments (modified 

from Paper IV, published with the permission of Elsevier). 

Feed solution Feed components Acetone (A) 

(wt%) 

Butanol (B) 

(wt%) 

Ethanol (E) 

(wt%) 

Binary mixtures A + water 3.01 - - 

 B + water - 3.50 - 

 E + water - - 4.43 

Ternary mixtures AB + water1 0.93 2.14 - 

 AE + water 4.04 - 3.90 

 BE + water - 4.48 4.24 

Quaternary mixture ABE + water2 1.54 3.23 0.43 
1Ratio of acetone and n-butanol was around 1:2. 2Ratio of acetone, n-butanol and ethanol was around 

3:6:1. 

As can be seen from Table 14, the total organic concentration at the beginning of 

the experiment was below 5 wt% in every case. This concentration range is 

relevant for the ABE fermentation process. Further, the solvent ratio used in the 

quaternary mixture mimicked the typical product ratio obtained from batch 

fermentation (3:6:1 for acetone:butanol:ethanol). To enable a comparison of 

ternary and quaternary cases, the same ratio of acetone and butanol (1:2) was used 

in the experiment with the ternary acetone-butanol-water mixture. In the case of 

other ternary solutions, the organic compound ratio of around 1:1 was chosen to 

observe the permeability differences of acetone, butanol and ethanol. 

7.2.2 Experimental procedure 

The pervaporation system used in the experiments is illustrated in Figure 9. The 

circular PDMS-PAN membrane sheet was placed on a porous sintered metal 

support in the stainless steel test cell of a cross-flow membrane unit and sealed 

with an O-ring. Each feed solution with a minimum volume of 2 L was kept 

constantly at a temperature of 50 °C using a thermostatic unit. A gear pump was 

used in the continuous circulation of the feed solution through the membrane unit 

with a flow rate of 1000 L h-1. Due to heat losses, the temperature of the feed 

solution in the membrane unit was about 42 °C. This temperature is close to the 

typical ABE fermentation temperature (35–37 °C) and thereby applicable to use 

also in real industrial operations. 

The pressure difference for the system was enabled by maintaining the 

pressure on the permeate side below 100 Pa (1 mbar) with a vacuum pump while 
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the feed side was under atmospheric pressure during the experiments. The system 

obtained isothermal conditions around one hour after the beginning of the 

experiment. After that, the collecting and condensing of permeate samples were 

started over a given period of time in the traps cooled with liquid nitrogen. 

 

Fig. 9. Pervaporation system used in the solvent recovery experiments (IV, published 

with the permission of Elsevier). (1) Heating unit, (2) feed tank, (3) feed sampling, (4) 

circulation pump, (5) membrane unit, (6) cold traps and (7) vacuum pump. 

7.2.3 Analytical methods 

Cross-sectional scanning electron microscope (SEM) photographs were taken for 

the determination of the structure and layer thicknesses of the membrane. The 

sorption of studied solvents into a pure PDMS membrane was also measured. In 

addition, the sorption of each solvent into a (pure) PDMS membrane was tested 

by immersing weighed membrane samples into solvents. The PDMS sample was 

then weighed again several times to find out the solvent uptake. 

Collected permeates were weighed for flux calculations. Further, feed and 

permeate samples were analysed with a gas chromatograph (GC) (Varian 3300) 

equipped with a thermal conductivity detector (TCD) using a packed column 

filled with Porapak Q and helium as the carrier gas. Since butanol is non-

immiscible in certain concentrations, permeate samples containing butanol were 

diluted to avoid the separation into two liquid phases. Acetone was used as a 

diluent for butanol-water and butanol-ethanol-water solutions whereas 1-propanol 

was used for dilution of water-acetone-butanol and acetone-butanol-ethanol-water 

solutions. Pervaporation experiments and GC analyses were performed in the 
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Membrane Separation Processes Group at the Faculty of Chemistry, Nicolaus 

Copernicus University, Poland. 

The obtained data was used for characterisation of the membrane 

performance by determination of partial permeation fluxes (Ji), separation factors 

(αi), pervaporation separation indices (PSI) and membrane permeances (Qi) 

according to Equations 14, 15 and 16–21. The values of γi and sat
ip  were 

estimated using the process simulation software Aspen Plus version 2006.5 

(Aspen Technology Inc., US). A non-random two-liquid (NRTL) coefficient 

model was selected as the property method of the calculations. These 

determinations were completed in the Mass and Heat Transfer Process Laboratory 

in the Department of Process and Environmental Engineering at the University of 

Oulu. 

In addition, the sorption of organic solvents into the used composite 

membrane was tested and the Hansen solubility parameters were used in order to 

explain the pervaporation behaviour more effectively. 

7.3 Bioethanol dehydration 

7.3.1 The feed solution and separation materials 

The feed ethanol used in the dehydration experiments was obtained from St1 

Biofuels Oy (Finland). This solution of around 180 L feed ethanol was a blend of 

bioethanol mixtures produced by fermentation from several different raw 

materials. Ethanol concentration of the feed ethanol mixture was about 90 wt%. 

A commercial activated carbon pressure filter (ACR-011 from BWT Separtec 

Oy, Finland) was used in ethanol pre-purification before dehydration by 

pervaporation. The filter had a volume of 15.7 L, mass of 15 kg and it was loaded 

with 11 L of activated charcoal. The filtration capacity was 10–16 L min-1 with a 

working pressure of between 2 and 6 bars. 

The pervaporation unit and plate-and-frame membrane modules consisting of 

Pervap(r) polyvinyl alcohol (PVA) based cross-linked composite membranes 

(PERVAPTM types 4101 and 1211, representing today’s membrane types 

PERVAPTM 4100 and 4111), were manufactured by Sulzer Chemtech AG 

(Switzerland). The structural difference in these two membrane types was in the 

degree of crosslinking, type 1211 being a membrane with higher crosslinking. 
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7.3.2 Activated carbon filtration 

The feed ethanol solution was filtrated prior to the pervaporation in order to 

remove impurities and thereby to avoid PVA membrane from fouling by these 

compounds. The whole batch of the feed ethanol was pumped through the 

filtration unit at a constant flow rate of 14 L h-1 and a pressure of 2.5 bar (Figure 

10). Contact time for the ethanol solution in the filter was 1.12 hours. Feed 

samples were collected and analysed before and during the pre-treatment to find 

out the efficiency of the filtration. The content of sulphur (S), sulphates (SO4), 

total solids (Stot) and pH were determined from the samples. 

 

Fig. 10. Activated carbon filtration system used for ethanol pre-purification (V, 

published with the permission of Elsevier). 

7.3.3 Ethanol dehydration by pervaporation 

The pilot pervaporation unit (Gesellschaft für Trenntechnik mbH, now Sulzer 

Chemtech AG, Switzerland) illustrated in Figure 11 was used in the dehydration 

experiments. 

In pervaporation, the feed ethanol mixture was first preheated in a two-stage 

heat exchanger with the help of the retentate flux energy conducted from the 

membrane module. The evaporation of the feed ethanol was avoided by keeping 

the pressure of the feed-retentate line at around 2.5 bar, which was at minimum 

0.3 bar higher pressure as compared to the product vapour pressure. 

After the preheating, the feed mixture was heated up to the final processing 

temperature of 98 °C and delivered to the membrane unit. The constant feed 

temperature in each membrane module of the membrane unit is desirable for 

smooth operation. Thus every feed flow was circulated through the heating unit 
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before it was fed to the membrane module. The feed ethanol flow through the 

pervaporation system was pumped constantly at a rate of 20 L h-1. 

 

Fig. 11. Pervaporation system (Sulzer Chemtech AG) used in the dehydration 

experiments (V, published with the permission of Elsevier). 

Vacuum (pressure below 10 mbar) was applied on the permeate side of the system 

by a vacuum pump. After the membrane unit, the obtained retentate (ethanol) 

stream was cooled down before leading it to the product tank. This was done to 

ensure that the temperature in the product tank is low enough to prevent the 

evaporation of the ethanol mixture. During the batch system operation, the 

retentate flow was continuously circulated back to the feed ethanol tank (marked 

as a dashed line in Figure 11). Condensation of the vaporised permeate (water) 

was performed by a separate condenser using a mixture of water and glycol as a 

coolant. Permeate was then collected in the permeate tank. 

The amounts of feed, permeate, and retentate were monitored during the 

experiments to find out the performance and stability of the membranes. Permeate 

and retentate samples were collected every two hours. Process variables including 

the feed flow rate, pressures and temperatures were controlled to be close to the 

target values shown in Table 15. 
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Table 15. Process parameters during ethanol dehydration experiments (modified from 

V, published with the permission of Elsevier). 

Parameter Unit Target value Variation range 

Ethanol concentration (feed) wt% ~85 84.9–90.9 

Ethanol concentration (product) wt% 99.7 99.6–99.7 

Feed flow rate L h-1 20 19–21 

Permeate side pressure mbar <10 10–70 

Product flow pressure bar 2.5 2.4–2.6 

Temperature (condenser) °C from 5 to -20 from 6 to -12 

Temperature (feed) °C 98 97–99 

In total, four experimental runs were performed and ethanol mixtures were 

dehydrated from the feed ethanol concentration range of 84.9–91.4 wt% up to the 

ethanol concentration of 99.6 wt% (Table 16). The feed ethanol mixture was 

pumped through the pervaporation system with a steady flow as many times as 

the ethanol concentration of 99.6 wt% in the retentate was reached. 

Table 16. Pervaporative dehydration experiments (modified from V, published with the 

permission of Elsevier). 

Run Feed EtOH 

conc. (wt%) 

Final EtOH 

conc. (wt%) 

Feed amount 

(kg) 

Operation 

time (h) 

Membrane 

area (m2) 

Notifications 

1 90.0 99.6 70 28 2 Retentate was circulated 

continuously back to the feed 

tank. 

2 87.8 99.6 70 44 

(10+181+16) 

2 Both permeate and retentate 

were circulated back to the feed 

tank. 

3 85.1 99.6 35 18 1 Membrane 1 was used2. 

4 84.9 99.6 35 18 1 Membrane 2 was used2. 
1A steady-state stage of the operation, 2Specifications of membrane types 1 and 2 were the secrecy of 

the company.  

Two single stage and one double stage modules of PVA membranes were used in 

series during the first and the second experimental run. The total membrane area 

was 2 m2 and the amount of feed ethanol mixture was about 70 kg. Moreover, a 

steady-state stage of the operation was performed between the operation hours of 

10 and 28 in the second run. During this stage, both permeate and retentate were 

circulated back to the feed tank in order to study the effect of longer strain of 

higher alcohol concentration on the membrane performance. 
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Experiments 3 and 4 were conducted to examine the stability and separation 

performance differences between the two membrane types (PERVAPTM 4100 and 

4111) used. In these runs, the 35 kg batch of feed ethanol mixture was 

concentrated from the concentration of about 85wt% to the final ethanol 

concentration of 99.6 wt%. 

7.3.4 Analytical methods 

Nuclear magnetic resonance (NMR) spectroscopy was used for the determination 

of acid aldehyde, C3–C5 alcohols (fusel oils) and ethyl acetate from the unfiltered 

feed ethanol mixture. The NMR analysis was done at the Chemistry Department 

of the University of Oulu. 

The feed ethanol samples were collected before and after charcoal filtration. 

Acidity, solid matters, sulphates and the total sulphur content were determined 

according to the methods of the Finnish Standards Association (SFS), namely 

SFS-EN 15491, SFS-EN 872, SFS-EN ISO 10304-2 and SFS-EN 15837/ICP-

OES in an accredited analysis laboratory. Determination of pH from the collected 

samples was performed with inoLab pH Level 1 laboratory pH meter (WTW 

GmbH & Co. KG, Germany) in the Mass and Heat Transfer Process Laboratory 

in the Department of Process and Environmental Engineering at the University of 

Oulu. 

Feed, permeate and retentate samples collected during the pervaporation 

experiments were weighed and analysed. Ethanol concentrations from feed, 

permeate, and retentate samples were analysed by a DMA35 Portable Density 

meter (Anton Paar GmbH, Austria). Furthermore, gas chromatography was used 

for the reference determinations in order to ensure the accuracy of ethanol 

analyses. These analyses were performed in the Mass and Heat Transfer Process 

Laboratory in the Department of Process and Environmental Engineering at the 

University of Oulu. 

The obtained data was used for the determination of the separation 

performance and stability of the membranes. Partial permeation fluxes (Ji), 

separation factors 
2H O/EtOH(β ) , permeances (Qi) and water/ethanol selectivity 

( 2OH
EtOHα ) were defined according to Eqs 14, 16, and 17–22, respectively. 
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8 Results and discussion 

8.1 Sustainability assessment of biobutanol feedstock 

Sustainability indicator values given for each evaluated feedstock are listed in 

Table 17. Moreover, results are illustrated as a spider diagram in Figure 12. 

Table 17. Sustainability indicator values (modified from III, published with the 

permission of SDEWES Centre). 

Sustainability indicators Corn Straw Whey permeate Sawdust 

Economic indicators     

Feedstock price -2 -1 0 0 

Processing costs -1 -2 -1 -1.5 

Value added 0.5 2 1 1.5 

Environmental indicators     

Water consumption -2 -1 0 -0.5 

Hazardous and toxic material usage -2 -1 0 -1.5 

Biodiversity and land use -2 -1 0 0 

Wastes vs. by-products 1.5 -0.5 -1 1 

Energy -1 -2 -0.5 0 

Social indicators     

Ethicality and competing demand -2 0 -0.5 0 

Customer acceptance and social dialogue -2 0.5 1 1 

Employment effects 0.5 2 1 1 

Innovation and education potential 0 2 1 2 

Total impact -11.5 -2 1 3 
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Fig. 12. Sustainability assessment results of selected feedstock for biobutanol 

production (III, published with the permission of SDEWES Centre). 

The feedstock price of corn is the highest (Kumar et al. 2012), while industrial 

by-products may be seen as free material when produced as a by-product in the 

same plant. By-products such as straw and sawdust have higher positive value 

added to the product as their worth can be increased by using them as feedstock 

for biofuel production instead of just burning of them. Additionally, there are no 

costs of cultivation, harvesting and transportation to the plant formed when using 

industrial by-products. Pre-treatment of lignocellulosic feedstock is more difficult 

and costly due to the more complicated biomass structure. 

Crops biomasses require the largest water consumption, in addition to 

negative changes in biodiversity and land use. Contrary to the crop feedstock, 

industrial by-products were assumed not to have these changes because whether 

they are utilised or not, the by-products are formed during the production of the 

main product and environmental changes should be addressed to the main product. 

Hazardous and toxic materials include fertilisers, pesticides and chemicals needed 

during the upstream processing. The processing of whey permeate is not 

chemical- or water intensive. Due to additional transportation costs, non-edible 

crop biomasses are assumed to require the highest amount of energy. Energy and 

water demands during the processing were considered to be about the same for 

the all lignocellulosic feedstock under comparison. However, it is considered that 
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utilisation of residual steam in a pulp and paper plant’s industrial complex 

compensates for the energy requirements in the case of sawdust. 

From the point of view of competing use, wood-based biomasses and non-

edible crops are more acceptable and ethical choices as compared to edible crops 

and by-products from the food industry. Therefore, customer acceptance and 

social dialogue are also the highest for industrial by-products. The effects on 

employment are positive in every case, but as collection, transportation and pre-

treatment of agricultural by-products is laborious, straw has the most positive 

indicator value. The creation of new jobs is presumed to be low in the case of 

corn, mainly due the low acceptance of it use for biofuel feedstock. 

Lignocellulosic biomasses have the best innovation and education potential and 

they are currently already under keen research.  

The main advances and key drawbacks of the studied feedstock are 

summarised in Table 18. 
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Table 18. Summary of sustainability impacts of selected feedstock (III, published with 

the permission of SDEWES Centre). 

Feedstock Benefits driving sustainability Challenges to sustainability 

Crop biomass (corn) 

 

 

Processing wastes are of 

value 

Minor impacts on employment 

and value added 

Competing demand for food 

creates ethical challenges 

Consumer acceptance low 

High demand for water and arable 

land 

High cost of feedstock and toxics 

used in pre-processing 

No significant innovation potential 

Non-edible crops (straw) 

 

 

The highest employment and 

innovation potential 

The highest value added 

No ethical conflicts, consumer 

acceptability mostly positive 

 

 

High processing costs and energy 

demand 

Water intensive pre-processing 

using toxics 

Food by-product (whey) 

 

 

Innovation and employment 

potential 

Positive value added 

High consumer acceptability 

Relatively low energy and 

water demand in processing 

No toxic compounds used 

 

Costly processing 

The lowest product-to-waste ratio 

Potential competing demand 

Wood-based (sawdust) 

 

 

High innovation potential and 

value added 

Positive employment impacts 

The highest consumer 

acceptability 

By-product of marketable value 

 

 

The highest pre-processing 

costs 

Toxics used in pre-processing 
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In conclusion, lignocellulosic feedstock have the greatest positive effect on the 

studied sustainability indicators. The balancing of the positive and negative 

impacts by calculation of the given indicators together, i.e. total sums for corn, 

straw, whey permeate, and sawdust, are -11.5, -2, 1, and 3, respectively. Thereby 

the utilisation of the by-product feedstock seems to be most beneficial. 

The processing technology is, however, a key challenge in the use of 

lignocellulosic biomasses. Improved knowledge may be obtained through 

intensive research and development. With all edible feedstock the main drawback 

is the competing demand and ethical pressure to use the biomass as food. Further, 

requirements for arable land and freshwater in crop cultivation can be difficult to 

fulfil in areas with a dry climate. 

In Finland, non-edible crops are realisable choices in addition to wood-based 

feedstock. Besides the higher employment potential in rural areas, the consumer 

acceptability and social dialogue is somewhat better for wood-based feedstock. 

The highest sustainability potential would be in a consortium combining 

lignocellulosic biomass-based biofuel production with an industrial plant. For 

example, biobutanol production integrated in a pulp and paper plant could benefit 

from the feedstock supply chain, by-products and waste heat of the production 

facility, leading to decreased negative environmental impacts together with better 

social and economic status. 

8.2 Solvent recovery from model solutions 

8.2.1 Binary mixtures 

The flux of water was quite constant (1260–1360 g m-2 h-1) throughout all the 

experiments with binary solutions, as shown in Figure 13. The same trend was 

also observed with ternary and quaternary feed mixtures (data not shown). This 

denotes that the feed composition in the studied concentration range does not 

have a considerable effect on the water transport through the membrane. Favre et 

al. (1996) and Liu et al. (2005) have reported the same performance in their 

water-alcohol separation studies. 

The constant water flux over the experiments can be explained by highly 

diluted feed solutions: as the concentration of organic solvents is so low already 

at the beginning of the experiment, the water concentration does not change much 

in the course of pervaporation. In the case of organic compounds, the relative 
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change in the feed content is greater because the solvent concentration is 

constantly decreasing as a result of solvent permeation through the hydrophobic 

membrane. 

Fig. 13. Water flux in pervaporation experiments of the binary mixtures (IV, published 

with the permission of Elsevier). PDMS-PAN membrane, feed temperature 42 °C, and 

permeate pressure < 1 mbar. 

Figure 14 shows the partial permeation fluxes (a), permeate concentrations (b), 

and permeances (c) of acetone, n-butanol and ethanol from the tested binary feed 

mixtures. The correlation between permeation fluxes and organic feed 

concentrations is roughly linear and increased solvent concentration leads to 

increased permeation flux. 
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Fig. 14. Partial fluxes (A), permeate concentrations (B) and permeances (C) of acetone, 

n-butanol and ethanol in the pervaporation of binary organic-water mixtures (IV, 

published with the permission of Elsevier). PDMS-PAN membrane, feed temperature 

42 °, and permeate pressure < 1 mbar. 

As can be seen from Figures 14a and 14b, the partial fluxes and permeate 

concentrations followed the order of acetone ≈ n-butanol > ethanol. The 

separation behaviour of acetone and butanol was similar, especially in the organic 

concentration range below 1 wt%. 

The driving force of a compound depends on partial pressures on the opposite 

sides of the membrane. The maximum partial solvent pressure (pi,f) in the binary 

feed mixture was only 0.39 kPa for butanol, in comparison to 1.53 and 3.24 kPa 

for ethanol and acetone, respectively. Saturated vapour pressures of acetone, 

butanol, ethanol and water at 42 °C were 60.996, 2.803, 19.936 and 8.211 kPa, 

respectively. The difference in partial pressure may explain the high flux of 

acetone but it does not support values of the flux of n-butanol, which has a very 

low saturated vapour pressure. 
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Furthermore, the comparison of permeances results in a notable difference 

between n-butanol and other solvents: as shown in Figure 14c, the average 

permeances of acetone and ethanol were around 250 and 255 g m-2 h-1 kPa-1, 

while approximately tenfold higher values of around 2500 g m-2 h-1 kPa-1 were 

obtained in the case of n-butanol.  

This separation behaviour may be a result of the higher solubility of butanol 

in the membrane matrix. One approach for analysing the separation is to use a 

method developed by C.M. Hansen (1967). He divided the total vaporisation 

energy of a liquid into three parts, namely non-polar dispersion forces (in the 

atomic level), permanent dipole-dipole (molecular) forces, and hydrogen bonding 

forces (i.e. electron exchange in the molecular level). It is assumed that these 

cohesive forces both keep liquid molecules together and also cause interactions 

among the membrane and the molecules of the feed solution. Moreover, these 

forces, also known as Hansen solubility parameters (HSPs), can be used in the 

determination of the distance parameter (∆w,i), describing the affinity of the 

substances (Eq. 23):  

      22 2

,  , , , , , , 4w i d w d i p w p i h w h i            , (23) 

where ∆w,i is the distance parameter for the mutual solubility interactions between 

water and organic component i of the studied solution, and δd, δp and δh refer to 

the solubility parameters for dispersion, polar and hydrogen bonding, respectively. 

Similarly, the calculation of the distance parameter between the studied 

PDMS membrane and a solvent i (∆PDMS,i) is possible by using solubility 

parameters of the membrane material in the place of water solubility parameters 

in Eq. 23.  

Physicochemical properties (Perry 2001), the Hansen solubility parameters 

(Hansen 2000), and calculated interaction parameters (∆w,i and ∆PDMS,i) are 

presented in Table 19 together with the results of testing the sorption of solvents 

into a pure membrane. 
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Table 19. Physicochemical properties and solubility parameters of studied 

compounds (IV, published with the permission of Elsevier). 

Property Acetone Butanol Ethanol Water PDMS 

Molecular weight (g mol-1) 58.08 74.12 46.07 18.02  

Molecular volume (cm3 mol-1) 74.0 91.5 58.5 18.0  

Boiling point (°C) 56.1 117.7 78.3 100.0  

Dielectric constant ε (20.2 °C) 21.0 17.8 25.3 80.1  

Sorption into PDMS membrane (wt%) 25.0 28.3 11.5 -  

Dipole moment 2.69 

(20 °C) 

1.75 

(25 °C) 

1.66 

(20 °C) 

1.82 

(25 °C) 

 

Hansen solubility parameters      

Dispersion solubility (δd) 15.5 16.0 15.8 15.5 15.9 

Polar solubility (δp) 10.4 5.7 8.8 16.0 0.1 

Hydrogen bonding solubility (δh) 7.0 15.8 19.4 42.4 4.7 

Solvent-water interactions (∆w,i) 35.8 28.5 24.1 - 40.8 

Solvent-membrane interactions (∆PDMS,i) 10.6 12.4 17.1 40.9 - 

As it is seen from Table 19, the solubility parameter for dispersion is about the 

same for all the compounds, indicating that polar solubility and hydrogen bonding 

solubility are having the most significant effect on solubility. Further, the affinity 

between two compounds is greater with a smaller distance parameter. Hence, the 

eexperimentally found permeation order of compounds (acetone ≈ n-butanol > 

ethanol) corresponds well with the calculated interaction parameters for the 

solvent-membrane and solvent-water interactions: the sorption into the tested 

PDMS membrane is the highest for butanol and acetone and these compounds 

also have higher affinity to membrane according to determined Hansen 

interaction parameters. In addition to lower sorption and affinity to membrane, 

the lower separation results for ethanol may also be explained by the higher 

affinity to water: instead of sorption into membrane, ethanol prefers to bind 

together with water.  

In the ideal case, the same order could also be predicted to be valid within the 

pervaporation of more complicated feed mixtures. However, the probability of a 

coupling effect is increased with multicomponent solutions having the presence of 

several solvents and a higher amount of organic compounds. Experiments with 

ternary and quaternary feed mixtures were performed so as to discover the effect 

of feed composition on pervaporation performance and the occurrence of 

coupling phenomena. 
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8.2.2 Ternary mixtures 

Partial fluxes (a), permeate concentrations (b) and the permeance data (c) from 

pervaporation studies of ternary mixtures (I: acetone-butanol-water, II: acetone-

ethanol-water and III: butanol-ethanol-water) are illustrated in Figure 15. The 

initial feed concentrations were about 1:2 for acetone and butanol in the case I, 

and approximately 1:1 in the cases II and III. 

As with binary mixtures, both partial fluxes and permeances of butanol and 

acetone were considerably higher than those of ethanol (Figure 15a, b). As seen 

from Figure 15c, permeances also followed the same order as in binary solutions. 

Moderately higher permeances were, however, detected within ternary mixtures. 

In the acetone-butanol-water mixture (case I in Figure 15), the butanol flux 

and permeate concentration were somewhat higher in comparison to acetone. The 

permeance of acetone was approximately 270 g m-2 h-1 during the whole 

experiment, while an increase in the butanol permeance was detected in the 

solvent feed concentrations less than 1 wt%. The same trend was noticed with the 

butanol-ethanol-water solution (Figure 15, case III). 

The permeance of ethanol was constantly about 230–240 g m-2 h-1 in cases II 

and III (Figure 15). The ethanol flux and permeate concentrations were at 

maximum 365.7 g m-2 h-1 and 13.6 wt% in the case II (mixture with acetone) and 

361.7 g m-2 h-1 and 14.6 wt% in the case III (mixture with butanol). As a 

comparison, the highest acetone flux of 1128.6 g m-2 h-1 and permeate 

concentration of 38.9 wt% were obtained in the case II. 
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Fig. 15. Partial fluxes (A), permeate concentrations (B) and permeances (C) of organic 

compounds in the tested ternary mixtures: acetone-butanol-water (I), acetone-ethanol-

water (II) and butanol-ethanol-water (III) (IV, published with the permission of Elsevier). 

PDMS-PAN membrane, feed temperature 42 °C, and permeate pressure < 1 mbar. 

8.2.3 Quaternary mixture 

The pervaporation performance of quaternary acetone-butanol-ethanol-water 

(ABE-water) mixture is illustrated in Figure 16. Performance relations between 

the organic solvents were the same, acetone and butanol acting quite alike, 

whereas the separation of ethanol was lower. The permeance order of n-butanol > 

ethanol ≈ acetone was unchangeable compared with binary and ternary cases. The 

average permeance for butanol was about 2980 g m-2 h-1 kPa-1, compared to 

tenfold lower values of ethanol (299 g m-2 h-1 kPa-1 and acetone (295 g m-2 h-1 

kPa-1), respectively. 
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Fig. 16. Partial fluxes (A), permeate concentrations (B) and permeances (C) of acetone, 

butanol and ethanol in pervaporation of a quaternary mixture (IV, published with the 

permission of Elsevier). Initial feed composition: 1.54 wt% acetone, 3.23 wt% butanol 

and 0.43 wt% ethanol. PDMS-PAN membrane, feed temperature 42 °C, and permeate 

pressure < 1 mbar. 

8.2.4 Comparison of the feed mixtures 

In order to figure out if the coupling effects took place in the pervaporation 

studies, the partial solvent fluxes of all the tested solvents were compared to each 

other. Partial fluxes shown in Figure 17 clarify that there are no remarkable 

changes between the fluxes in different feed solutions. This denotes that coupling 

effects are negligible in these pervaporation studies. Such dilute solutions used in 

the experiments include a large quantity of water molecules, which hinder the 

interactions among the solvent molecules. 
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Fig. 17. Partial fluxes of acetone (A), butanol (B) and ethanol (C) in the studied feed 

solutions (IV, published with the permission of Elsevier). PDMS-PAN membrane, feed 

temperature 42 °C, and permeate pressure < 1 mbar. 

Pervaporation performances in all experiments were also compared by means of 

pervaporation separation indices (PSI), calculated by Eq. 15. In addition, the 

separation factors were determined by Eq. 13. The obtained PSI results are 

presented in Figure 18. Both PSI values and separation factors followed the order 

of acetone ≈ butanol > ethanol. The variation of separation factors was 22–29 for 

butanol, 21–26 for acetone, and 5–7 in the case of ethanol. The PSI values were 

around 35.2–45.2 kg m-2 h-1 for acetone, 34.7–48.4 kg m-2 h-1 in the case of 

butanol, and 7.6–10.3 kg m-2 h-1 for ethanol. With butanol and acetone, the 

highest separation factors and PSI values were obtained from ternary mixtures 

having ethanol as the second organic compound, whereas the smallest values 

were gained from binary water-solvent mixtures. The behaviour of ethanol was 
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the opposite: the separation was better from the binary mixture compared to other 

feed solutions tested.  

 

Fig. 18. Average pervaporation separation indices of different ABE feed mixtures 

tested (IV, published with the permission of Elsevier). PDMS-PAN membrane, feed 

temperature 42 °C, and permeate pressure < 1 mbar. 

Nevertheless, when the PSI values were defined as mole basis by taking into 

account the molar weight of each compound (Figure 19), the differences between 

acetone and butanol separation in binary and quaternary mixtures can be seen. 
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Fig. 19. Average pervaporation separation indices of different ABE feed mixtures 

tested. PDMS-PAN membrane, feed temperature 42 °C, and permeate pressure < 1 

mbar. 

The final separation target in relation to the ABE process is to obtain pure solvent 

products for further use for example as a solvent or as a fuel. Pervaporation is a 

good method for separation and concentration of solvents from highly aqueous 

solutions, and according to the obtained results, the tested PDMS-PAN membrane 

may be used for concentration of solvents obtained from the fermentation step. 

Especially if bacterial strain producing only acetone and butanol is used, this 

membrane would be beneficial to use due the superior butanol separation 

performance in the case of ternary acetone-butanol-water mixtures.  

However, it should be kept in mind that solvent should also be separated from 

each other (if the solvent mixture is not ready to be used as such, for example as a 

transportation fuel blend). One option could be to exploit the phase separation 

between water and butanol and to collect the butanol-rich phase for further use by 

decantation. 
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8.3 Bioethanol dehydration 

8.3.1 Activated carbon filtration 

Fuels used in vehicles have certain requirements. In the case of bioethanol, the 

limits for sulphur (S) and sulphates (-SO4) are 10.0 mg kg-1 and 4.0 mg kg-1, 

respectively (EU standard EN 15376). Sulphates are seen as being particularly 

detrimental to the membrane durability. 

Activated carbon filtration was proved to be a functioning pre-treatment 

method prior to pervaporation. Positive effects such as decreased concentration of 

solid particles (Stot) and sulphates were detected (Figure 20a). The quantity of 

total solid compounds reduced even below the detection limit of the analysis (5 

mg L-1). The decreased level of solids also improved the ethanol colour, as it was 

changed from yellowish to clear. As shown in Figure 20b, the pH of ethanol 

increased from around 5.6 (weakly acidic) to 6.9 (about neutral). To ensure good 

end-product quality and membrane stability, a neutral pH of the feed mixture is 

desirable. 

 

Fig. 20. Concentration of solid matters, sulphur and sulphates (A) and pH (B) in the 

feed ethanol (V, published with the permission of Elsevier). Flow rate 14 L h-1 at room 

temperature, pressure 2.5 bar. 

The non-filtrated ethanol batch was found to be non-homogeneous (some 

sediment was detected in the bottom of the feed ethanol tank). The activated 

carbon filtration was started from this part of the feed ethanol containing of the 
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most impurities. The sample collected during the filtration was taken after the 

filtration of about one third of the whole bioethanol batch volume whereas the 

other sample was taken from the whole batch volume of the filtrated bioethanol. It 

can be seen that solids and sulphates were successfully removed already in the 

beginning of the filtration. In addition, the pH was increased due the filtration.  

However, the sulphur amount was not decreased by filtration. As the used 

activated carbon was not treated with any catalyst, it has a limited efficiency for 

sulphur removal. The decreased sulphur level in the sample taken after the 

filtration was caused by the dilution as the volume of the filtrated bioethanol 

increased in the tank. In order to meet the given fuel requirements, sulphur should 

be removed from the biofuel by using methods such as catalyst-based 

hydrodesulphurisation or oxidation desulphurisation, solvent extraction, 

biodesulphurisation or adsorptive desulphurisation (Lee Clemons 2009). 

Increased sulphur removal efficiency may also be obtained by proper optimisation 

of the filtration procedure: at this point of the research, the only aim was to test 

whether the filtration could be used as a pre-treatment method. Improved results 

may be obtained for example by the controlling of operational parameters such as 

contact time and the volume of the charcoal bed and thereby using the full 

capacity of the filter. 

Furthermore, it is known that especially acid aldehydes are poisonous for 

PVA membranes. NMR spectroscopy analysis from the unfiltered ethanol, 

however, confirmed that the presence of certain harmful compounds was low: the 

concentration of acid aldehyde was below 1 ppm, whereas the amounts of ethyl 

acetate and C3-C5 alcohols (also known as fusel oils) were below 350 ppm. These 

values did not exceed the given limits within the use of PVA membranes. Hence, 

removal of these fuel components was not included in this study. 

8.3.2 Ethanol dehydration by pervaporation 

Ethanol concentrations determined from the feed and retentate samples over time 

are presented in Figure 21. In the second experimental run, the target ethanol 

concentration of 99.6 wt% was obtained 16 hours later than the first run (Figure 

21a). The reason for this behaviour was the operation in a steady-state mode. 

Although feed, permeate and retentate concentrations should stay constant in the 

steady-state operation, the ethanol concentration changed from 96.9 wt% to 98.6 

wt%. This can be explained by the inadequate capacity of the refrigerating 

machinery, allowing some ethanol vapours to permeate through without 
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condensation to a liquid form. These vapours were then lost as outlet vapour from 

the vacuum pump. To avoid this problem in further experiments, some 

improvements to the vacuum pump were performed after the second run.  

 

Fig. 21. Ethanol concentration in feed and retentate samples from runs 1, 2 (A), 3 and 

4 (B) (V, published with the permission of Elsevier). Cross-linked PVA membranes, 

feed temperature 98 °C, and permeate pressure 10–70 mbar. 

Water, ethanol and the total permeate fluxes, in addition to ethanol concentration, 

from each experimental runs (1–4) are shown in Figure 22. The curves are drawn 

as a function of feed water concentration so the starting point of the experiment is 

on the right side of each Figure (22a–d). The water concentration in the feed 

solution was the highest at the starting point of each run and the water tendency to 

pass the membrane was high, hence leading to a high permeate flux and thereby 

an aggressive water removal. The permeate flux reduced quite linearly when the 

experiment was continued. The flux of ethanol was quite constant throughout the 

pervaporation studies, indicating that the gradient of the chemical potential was 

not decreasing and concentration polarisation was not occurring. 
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Fig. 22. Separation diagrams of ethanol dehydration runs 1 (A), 2 (B), 3 (C) and 4 (D) 

(V, published with the permission of Elsevier). Cross-linked PVA membranes, feed 

temperature 98 °C, and permeate pressure 10–70 mbar. 

Effect of permeate pressure 

Higher permeate fluxes were obtained from the third and fourth (Figures 22c, d) 

experiment than from the first two runs (Figures 22a, b). The set-up of the 

membranes differed as all three membrane modules and both membrane types 

were used in runs 1 and 2, whereas only one membrane module was in use during 

the third and fourth experiments. However, the effect of fluctuating permeate 

pressure was observed to be the main cause for the differences. Variations 

detected in the permeate side pressures during experiments 1–4 were 40–70 mbar 

(average value 55.0 mbar), 10–60 mbar (36.4 mbar), 20–60 mbar (36.7 mbar) and 

20–40 mbar (26.7 mbar), respectively. 
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Fig. 23. Separation factors and water/ethanol selectivities from runs 1, 2 (A), 3 and 4 

(B) (V, published with the permission of Elsevier). Cross-linked PVA membranes, feed 

temperature 98 °C, and permeate pressure 10–70 mbar. 

When comparing separation factors with water-ethanol selectivities it has been 

found that the course of both parameters is roughly identical during the 

experiment (Figure 23). However, values of selectivity are yet lower as the 

permeate pressure affects the calculation (Eq. 20). Better separation performance 

is achievable by improving the pressure difference and hence also the driving 

force by proper vacuum conditions, i.e. a permeate pressure below 10 mbar. 

Ethanol concentration in the permeate, together with the permeate 

accumulation in experimental runs 1 and 3 are presented in Figure 24. Results of 

the third run (Figure 24b) correspond to the fourth experiment (data not shown). 

Permeate accumulation was quite linear during the first 12 hours of pervaporation. 

After that, the permeation quantity did not increase much. However, the ethanol 

content in the permeate increased during the experiment. In a good pervaporation 

process, the amount of ethanol in the permeate should be extremely low. The 

maximum ethanol concentration in the permeate was detected to be 5.7 wt% in 

this study. With this permeate content, the heat integration described is possible: 

heat energy released in the permeate column is used for the feed ethanol heating 

prior to the pervaporation unit. The amount of primary energy required in the 

separation process can be reduced by this kind of energy integration, leading to a 

more feasible and cost-efficient process. 
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Fig. 24. Permeate accumulation and ethanol concentration during the experimental 

runs 1 (A) and 3 (B) (V, published with the permission of Elsevier). Cross-linked PVA 

membranes, feed temperature 98 °C, and permeate pressure 10–70 mbar.  

Experimental data was also used for the determination of permeances (Qi) and 

water/ethanol selectivities. The results (as averaged values) are presented in Table 

20. Superior water permeances were obtained when using only one membrane (in 

the last two runs). The ethanol permeance and water/ethanol selectivity were at 

the same level in all experiments, excluding the second run with a steady-stage 

operation. Again, the permeate pressure difference and some loss of ethanol 

through a vapour leak have some influence on the results within runs 1 and 2. 

Table 20. Water and ethanol permeances and water/ethanol selectivities (V, published 

with the permission of Elsevier). 

Run Water permeance 

QH20 (g m-2 h-1 kPa-1) 

Ethanol permeance  

QEtOH (g m-2 h-1 kPa-1) 

Water/ethanol 

selectivity α 

Notifications 

1 10.8 0.08 248.5 Retentate was circulated 

continuously back to the feed tank. 

2 10.8 0.07 161.5 Both permeate and retentate were 

circulated back to the feed tank 

during the steady-state stage. 

3 20.3 0.08 261.4 Membrane 1 was used (membrane 

area 1 m2, feed amount 35 kg). 

4 15.5 0.08 232.8 Membrane 2 was used (membrane 

area 1 m2, feed amount 35 kg). 
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Membrane area evaluation 

A graphical evaluation of the membrane area requirement for ethanol 

concentration from 89.7 wt% to 99.6 wt% by continuous pervaporative 

dehydration was also performed. Data from the second run was used for the 

evaluation shown in Figure 25. Each numbered step stands for a membrane area 

of 2 m2, resulting in the requirement of a total membrane area of 16 m2. Similarly, 

estimations according to experimental data from the third and fourth experiments 

(with feed ethanol concentration change from 91wt% to 95 wt%) resulted in a 

membrane area need of 12 and 13 m2 (Figures not shown). 

 

Fig. 25. Evaluation of the membrane area required for the ethanol dehydration from 

89.7 to 99.6 wt% with cross-linked PVA membranes, feed temperature 98 °C, and 

permeate pressure 10–70 mbar. The beginning of the experiment (A) and experimental 

hours from 20 to 44 (B) (V, published with the permission of Elsevier). Numbers 

indicate separation steps, each requiring the membrane area of 2 m2. 
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9 Summary and conclusions 

The production and use of renewable energy and other biomass-based products is 

continuously increasing. However, the processing of biomasses, especially 

lignocellulosic ones, is challenging and new processing techniques and process 

improvements are needed. By developing more sustainable but still efficient and 

competitive production processes, it is possible to find the required breakthrough 

to obtain feasible industrial scale production processes. Intensification and 

improvement of production processes may be performed for example, by 

developing new kinds of techniques for biomass pre-treatment and product 

recovery. 

Production of biomass-based transportation fuels, namely biobutanol and 

bioethanol, was studied in this work with the purpose of developing more 

efficient and sustainable production processes. Consequently, production 

processes and the use of these two biofuels were presented and compared first 

(Papers I and II). Further, legislation and sustainability from the perspective of 

biofuel production was discussed and a sustainability assessment of different 

feedstock sources was done by evaluating their economic, environmental and 

social impacts (Paper III). As an example of process intensification, the 

applicability and separation performance evaluation of pervaporation as the 

product separation and purification method was performed (Papers IV and V). 

It was concluded that several factors should be taken into consideration to 

obtain an economic and feasible biofuel production process. The most critical 

aspects include the cost of feedstock, product yield, utilisation of formed by-

products, in addition to the efficiency and expenses of unit processes, especially 

in the case of separation and purification steps. Suggested process improvement 

areas include the discovery of more economic and sustainable feedstock materials, 

advanced fermentation by using metabolic engineering and modified bacterium 

strains or other micro-organisms, process integration by combined processes, and 

the development of more energy and cost-efficient processing techniques. 

Moreover, the overall cost-effectiveness may be enhanced by improved resource 

efficiency and the biorefinery concept i.e. by utilisation of all feedstock parts and 

the simultaneous production of multiple valuable products. 

Within the production of biofuels, the separation steps are particularly 

expensive due to the low concentrations of the desired compounds. Membrane 

techniques are considered highly potential separation methods leading to 

enhanced and more cost-efficient processing. This study explored the 
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applicability of pervaporation as a method for product separation and recovery in 

biofuel production. 

A systematic pervaporation study for the removal of acetone, butanol and 

ethanol from binary, ternary and quaternary feed mixtures was performed. The 

hydrophobic composite PDMS-PAN membrane tested was concluded to be 

effective in solvent pervaporation from dilute aqueous solutions. At the feed 

temperature of 42 °C, the membrane permselectivity based on partial fluxes and 

permeate concentrations was established to follow the order of acetone ≈ n-

butanol > ethanol. The experimental results were supported by physicochemical 

properties, the Hansen interaction parameters and the solubilities of the studied 

solvents and the membrane. The driving force for the transport (the chemical 

potential) was the biggest for acetone, which has the highest saturation vapour 

pressure. 

On the other hand, by using permeances, the decreasing order was found to 

be n-butanol > ethanol ≈ acetone. The difference in the results is explained by the 

low partial vapour pressure of butanol, together with the fact that vapour pressure 

is having a great impact in the determination of permeance. In addition, the 

sorption by the membrane was found to be the highest in the case of butanol. 

Separation of butanol was found to be superior within the multicomponent feed 

solutions containing several organic compounds, denoting that the tested 

membrane has the potential to be used in the ABE process. 

Pervaporation was also studied as the final purification step for bioethanol 

production. An authentic bioethanol sample obtained from industry was applied in 

a pilot-scale operation in order to perform a practical real-life study. Two 

hydrophilic, cross-linked polyvinyl alcohol (PVA) membranes were used for the 

bioethanol concentration from about 85 wt% to 99.6 wt%. The tested membranes 

were proved to be selective towards water, and the ethanol concentration in the 

permeate was reasonably low, being about 5.7 wt%. The results indicate that both 

of the membranes could also be used on an industrial scale due their good 

functionality and stability during the experiments. With this ethanol content in the 

permeate, the heat integration would also be possible to be implemented, leading 

to further enhanced energy efficiency of the process. 

One of the key challenges observed with membrane separation is membrane 

fouling. Activated carbon filtration was found to enhance the feed bioethanol 

solution properties by reducing the content of total solids and sulphates, in 

addition to improving the clearance and pH of the feed bioethanol. Thereby, the 

activated carbon filtration was demonstrated to be an appropriate pre-treatment 
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method for preventing the fouling problem and thereby improving the membrane 

durability and separation performance in the pervaporation step. Moreover, 

charcoal filtration can be seen as a simple and up-scalable method, thereby also 

applicable to the industrial scale. 

Another important issue besides efficient and profitable production is the 

sustainability of the process. A sustainable process design takes the economic, 

environmental and social impacts of each process alternative into consideration. 

Chosen materials and techniques should have as low negative impacts as possible. 

However, it was concluded that definitions, guidelines and evaluation methods for 

sustainability assessment should be harmonised in order to ensure comparable and 

reliable evaluation. Current evaluation methods focus mainly on the 

determination of GHG emissions and land-use impacts, while other important 

factors should also be taken into account. 

An example of sustainability assessment was introduced by comparing four 

different feedstock materials for biobutanol production by means of selected 

indicators presenting economic, environmental and social impacts during the 

cultivation, harvest and upstream processing of the feedstock. Utilisation of by-

product materials from industry or agriculture was proved to be the most 

sustainable alternative. Further, it was concluded that the option with the most 

potential for biofuel production would be the integrated biorefinery concept 

combined with an already existing pulp and paper mill, for example. 

Overall, this study has provided new and valuable scientific information 

about the production of biofuels by fermentation. Biobutanol having many 

advantages over bioethanol is suggested as a potential transportation fuel for the 

future. The results of this thesis have also indicated the potential of pervaporation 

used as a separation technique in biofuels production. As written studies including 

technical expertise are difficult to access in the field of pervaporation, this thesis 

provides new information for practical implementation of pervaporation towards 

industrial-scale operation. 

Nevertheless, there is still a need for research and further technology 

development before the efficient and sustainable conversion of lignocellulosic 

materials to biofuels is possible on an industrial scale. Further research should 

focus on how to transfer the novel techniques and process improvements from the 

laboratory scale to the industrial scale. For instance, in the case of pervaporation, 

the research on membrane materials is very active in laboratory scale and 

pervaporation is seen as an energy-efficient and potential separation technique in 

certain cases, including e.g. dehydration of bioethanol and recovery of organic 
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compounds from highly dilute aqueous solutions such as ABE fermentation 

broths. However, efforts are still needed to enhance the manufacturing of reliable 

and cost-efficient membranes and membrane modules for industrial scale use. 

Practical long-lasting experiments with appropriate pilot and industrial scale 

conditions (e.g. pressures, temperatures and feed solutions) are also needed to 

make sure that fouling, durability and stability of the studied membrane are at 

acceptable levels. 
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