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Abstract
Volatile Organic Compounds (VOCs) in wastewaters from the chemical industry are of major
concern because of their environmental and health impacts. The reclamation of VOCs from
wastewaters would not only reduce the hazard to the environment but also contribute to an
efficient use of resources. The thesis explores the reclamation of n-butanol and dichloromethane
from sodium chloride containing mixtures by pervaporation. Another aim was to gain
understanding of mass transport phenomena during the pervaporation of multicomponent systems,
and the effect of sodium chloride on the pervaporation performance. 

In this work, the reclamation of n-butanol and dichloromethane was conducted as a sequence
of pervaporation stages which utilised first hydrophobic and then hydrophilic membranes. The
objective was to segregate the mixture of n-butanol/dichloromethane/sodium chloride/water into
three different streams: a re-use quality concentrate of VOCs, brine, and discharge quality purified
water. The effect of the experimental variables, VOCs feed concentration, feed temperature and
sodium chloride content on the performance of the pervaporation stages was studied. A statistical
design, response surface methodology, was used to further resource efficiency. 

The results indicate the potential of pervaporation for the reclamation of n-butanol and
dichloromethane from aqueous mixtures. A single step of pervaporation of n-butanol/
dichloromethane/sodium chloride/water systems using the CMX-GF-010-D (Celfa) and
PERTHESE® 500-1 (P 500-1) membranes does not sufficiently concentrate the VOCs for direct
re-use. It is also demonstrated that the electrolyte does not permeate through the membranes and
does not affect their separation effectiveness significantly. The pervaporation of the water/
dichloromethane/n-butanol system using the hydrophilic poly(vinyl alcohol)-titanium dioxide/
polyacrylonitrile/polyphenylene sulfide (PVA-TiO2/PAN/PPS) membrane is effective for
dewatering purposes. The membrane shows impermeable features towards dichloromethane in the
studied conditions. 

The analysis of the mass transport phenomena demonstrates that, under the experimental
conditions studied, the resistance towards the mass transport of the compounds through the
membrane is mainly exhibited by the membrane itself.

This study also shows the advantage of analysing the effect of temperature on membrane
permeation by the permeation activation energy instead of by the apparent activation energy.

Keywords: chemical industry, dichloromethane, hydrophilic membranes, hydrophobic
membranes, mass transport, membrane technology, n-butanol, pervaporation, sodium
chloride, wastewaters, VOCs, volatile organic compounds
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List of symbols and abbreviations 

Symbols 

Latin letters   

A Effective membrane area  (m2) 

a Rectangular slot dimension of the membrane 

module 

(m) 

b Rectangular slot dimension of the membrane 

module 

(m) 

bo Constant coefficient (–) 

bi Linear coefficient (–) 

bii Quadratic coefficient (–) 

bij, bijk Interaction coefficient (–) 

BP Boiling point (°C) 

c Concentration (wt%) 

Cb n-Butanol feed concentration (wt%) 

dH Equivalent diameter (m) 

D Diffusion coefficient (m2 s−1) 

Ea Apparent activation energy  (kJ mol−1) 

Ep Permeation activation energy  (kJ mol−1) 

Ftabulated Fisher test critical value (–) 

Fvalue Fisher test calculated value (–) 

ΔHv  Molar enthalpy of vaporisation (kJ mol−1) 

J Permeation flux  (kg m−2s−1) 

Jo Pre-exponential factor  (kg m−2s−1) 

K Mass transfer coefficient (m s−1) 

KL Liquid-phase sorption coefficient  (–) 

KG Gas-phase sorption coefficient (–) 

l Distance  (m) 

L Coefficient of proportionality  (mol2m3s−1J−1) 

m Mass of permeate  (kg) 

MW Molecular weight (gmol−1) 

p pressure (kPa) 

p* p-value, probability  (–) 

p0 Vapour pressure of the pure component (kPa) 
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psat Saturate vapour pressure (kPa) 

P Permeability (kg m−1 s−1kPa−1) 

Q Pressure-normalized permeation flux  (kmol m−2s−1) 

Q2 Response variation percentage predicted by the 

model 

(–) 

R2 Coefficient of determination (–) 

R2
adj Adjusted coefficient of determination (–) 

R Universal gas constant, 8.32 × 10−3 (kJ mol−1 K−1) 

Re Reynolds number  (–) 

Sc Schmidt number (–) 

Sh Sherwood number (–) 

T Temperature  (°C, K) 

Δt Experimental time interval  (s) 

V Molar volume (cm3 mol−1) 

Vm Liquid molar volume (cm3 mol−1) 

Vs Feed volume flow (m3 s−1) 

X Molar fraction (mol mol−1) 

x Liquid weight fraction  (kg kg−1) 

Xi, Xj, Xz Factor coded levels (–) 

Y Predicted response (–) 

y Permeate weight fraction  (kg kg−1) 

Z Design matrix (–) 

Greek letters   

β Enrichment factor (–) 

δ Thickness  (m) 

δd Dispersion cohesion parameter (MPa1/2) 

δp Polar cohesion parameter (MPa1/2) 

δh Hydrogen bonding cohesion parameter (MPa1/2) 

γ Activity coefficient (–) 

γij Cubic interaction coefficient (–) 

ρ Feed density  (kg m−3) 

ρm Molar density (mol m−3) 

μ Chemical potential (J mol−1) 

μo Chemical potential of pure component at its 

saturation vapour pressure 

(J mol−1) 

μ* Viscosity (kg m−1s−1) 

v Velocity on the surface of the membrane (m s−1) 
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Subscripts   

b Bulk  

DCM Dichloromethane  

f Feed  

i,j Component  

m Membrane  

ov Overall  

p Permeate  

w Water  

Superscripts   

b Bulk  

bl Boundary layer  

f Feed  

G Gas  

L Liquid  

m Membrane  

ov Overall  

p Permeate  

w Water  

Abbreviations 

AAS Atomic Absorption Spectroscopy 

ABE Acetone–Butanol–Ethanol 

ADEME Agence de l'Environnement et de la Maîtrise de l'Energie 

ANOVA Analysis of variance 

ATSDR Agency for Toxic Substances and Disease Registry 

BAT Best Available Techniques 

CA Cellulose acetate 

Celfa CMX-GF-010-D  

CS Chitosan  

COD Chemical Oxygen Demand 

CTA Cellulose tri-acetate 

DMC Dimethylcarbonate 

DNP Dinitrophenyl 

EEA European Environment Agency 

EPA United States Environmental Protection Agency  
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EPDM  Ethene-propene-diene 

EU European Union  

FID Flame Ionization Detector 

FTIR Fourier Transform Infrared Spectroscopy 

GA Glutaraldehyde 

GC Gas Chromatograph 

GFT  Gesellschaft für Trenntechnik 

HEMA Hydroxyethyl methacrylate 

IPPC Integrated Pollution Prevention and Control 

LA  Laurylacrylate 

LLDPE Linear low density polyethylene 

MTBE Methyl t-butyl ether 

NBR Nitrile-butadiene rubber 

NTP National Toxicology Program 

OVAT One variable at a time approach 

PA Polyamide 

PAA Polyacrylic acid 

PAI  Poly(amide-imide) 

PAN Polyacrylonitrile 

PEBA Polyether-block-polyamides 

PEI Polyetherimide 

PDMS Polydimethyl siloxane 

POMS Polyoctylmethyl siloxane 

PPMS Polyphenylmethylsiloxane 

PPS Polyphenylene sulfide 

PTFE Polytetrafluoroethylene 

PTMO Poly(oxytetramethylene) 

PTMSP Poly(1-trimethylsilyl-1-propyne) 

PUR Polyurethane 

PVA Poly(vinyl alcohol) 

PVDF Polyvinylidene fluoride 

P 500-1 PERTHESE® 500-1 

REACH Registration, Evaluation, Authorisation and Restriction of 

Chemicals  

RSM Response Surface Methodology 

SA Sodium alginate 

SBS Styrene-butadiene-styrene 
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SEM Scanning Electron Microscopy 

SPC  Silicone-polycarbonate copolymer 

TCD Thermal conductivity detector 

TiO2 Titanium dioxide 

VOCs Volatile Organic Compounds 
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1 Introduction 

1.1 Background 

Volatile organic compounds (VOCs) are one of the most important groups of 

organic substances that affect our environment (Koltuniewicz & Drioli 2008). The 

EU Directive 2004/42/EC on VOCs (the so-called VOC Paints Directive) defines 

a VOC as “any organic compound having an initial boiling point less than or 

equal to 250 °C measured at a standard pressure of 101.3 kPa”. Under this 

definition, VOC refers to a wide variety of organic compounds including alcohols 

and chlorinated hydrocarbons.  

Among other environmental impacts, VOCs contribute to the greenhouse 

effect and hence global warming, the formation of ground-level ozone, 

photochemical smog and depletion of the ozone layer (Komilis et al. 2004). Some 

VOCs are considered as priority pollutants by the United States Environmental 

Protection Agency (EPA) (EPA 2009). 

VOCs are also a concern for public health because they are potentially 

carcinogenic, may adversely affect the liver, kidney, spleen, stomach, and heart as 

well as the nervous, circulatory, reproductive, and respiratory systems. Some 

VOCs may also affect cognitive abilities, balance or coordination, and some are 

eye, skin, and/or throat irritants. (Zogorski et al. 2006.) Municipal waste, traffic, 

and industrial and agricultural operations are some of the several sources of 

anthropogenic VOCs (Peng et al. 2003). 

VOCs have been intensively used since the 1950´s as solvents for the 

manufacture of an uncountable number of products in the chemical industry 

(Roizard et al. 2009, Brüschke 2001). Other uses of VOCs include aerosols for 

cosmetics and technical applications, as fuel additives, in insecticides, etc. 

(Koltuniewicz & Drioli 2008). 

When VOCs become waste they are most commonly found as vapour in gas 

streams or as liquid in aqueous effluents with other solvents, salts and other 

inorganic and organic matter. Due to the volatile nature of these compounds, most 

of the VOCs are emitted to the atmosphere. They may also remain dissolved due 

to their solubility in water and ultimately may be found in drinking water supplies 

(Zogorski et al. 2006). Consequently, VOCs found in aqueous systems, e.g. 

industrial effluents, have received an increasing amount of attention (Ellis & 

Rivett 2007, Wu et al. 2006). 
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The presence of VOCs in aqueous systems is not only a problem of water 

pollution. The existence of VOCs in chemical waste streams implies an inefficient 

use of resources and does not contribute to the sustainability of the chemical 

industry. Fine chemicals and pharmeuticals producers are those of the chemical 

industry that release the highest amount of VOCs per manufactured product 

(Sheldon 1994, Renner 2001). Manley et al. (2008) report that in some 

pharmaceutical companies approximately 80% of the waste from manufacturing 

the active pharmaceutical ingredient is solvent, with the remainder being 

chemical solids. Avoiding their use would prevent their occurrence in effluents. 

However, the problem of suitable substitutes arises. Options are solvent-free 

synthesis and other solvents such as water, supercritical fluids and ionic liquids 

(DeSimone 2002). All of these exhibit certain advantages and disadvantages. 

A potential alternative is to transform waste into non-waste, i.e. a resource 

(He et al. 2008). The VOCs may be restored to a condition that permits their re-

use, either for their original purpose or for other industrial needs. This restoration 

is known as reclamation, which reduces the toxicity of effluents. 

1.2 Methods for the reclamation of VOCs from effluents 

The separation of VOCs from water is complicated and challenging. The 

complexity of the composition of chemical effluents affects the effectiveness of 

the selected technique for the reclamation of the spent solvents. Further, the 

choice of method also depends on the concentration of VOC and the amount of 

waste stream.  

The cost of conducting reclamation activities also needs to be considered. 

Certain commonly used VOCs such as chlorinated solvents, petroleum-based 

solvents and some alcohols present low solubility in water. Their low 

concentration in aqueous systems causes the treatment to be costly with little 

added value in the case of most VOCs (Roizard et al. 2009).  

Separation techniques for solvent reclamation may be based on distillation, 

air stripping, carbon adsorption, membrane processes etc. Generally, a one-stage 

process might not be sufficient to achieve a re-usable product. Consequently, 

hybrid processes are often proposed. (Shah et al. 2004, Khoufi et al. 2009.) 

Carbon adsorption and air stripping are economical only at low VOC 

concentrations for example below 100 ppm, and are limited to nonpolar and 

relatively volatile (high Henry’s law constant) VOCs, respectively (Lipnizki et al. 

1999a). Additionally, air stripping converts a water pollution problem into an air 
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pollution problem and carbon adsorption generates secondary wastes such as used 

carbon (Kujawski et al. 2003). Distillation may not be cost effective because of 

the energy consumption and formation of azeotrope mixtures. 

Membrane processes for the separation of trace VOCs from aqueous systems 

are being studied intensively. They are attractive because of their selectivity, 

effective removal, and recovery of VOCs even from diluted systems (Huang 

1991). For instance, pervaporation is easily adapted to VOC removal from 

aqueous systems because of its energy efficiency and targeted removal without 

introducing additional chemicals or new pollutants as carbon adsorption and air 

stripping do (Liu 2007).  

1.3 VOCs under study 

The selected model compounds of alcohols and halogenated hydrocarbons were 

n-butanol and dichloromethane, respectively. The concentration of the targeted 

compounds was less than 1 wt%. Among the variety of VOCs that the chemical 

industry uses halogenated hydrocarbons were selected because of their high 

toxicity which makes their recovery from effluent necessary for environmental 

reasons. Alcohols were selected because of the increasing interest shown for their 

re-use, especially for low-chain alcohols. These VOCs, at that range of 

concentration, are often found in industrial wastewaters such as the wastewaters 

from the fine chemical sector.  

1.3.1 n-Butanol 

n-Butanol (C4H10O, CAS number: 71-36-3) is released into the environment from 

natural and human sources. Human-associated sources include volatilization from 

solvents, rendering sewage treatment, starch manufacturing, whiskey 

manufacturing, wood pulping and turbine emissions (EPA 1989 as quoted in EPA 

1994, EPA 1994). 

n-Butanol contributes to the formation of photochemical smog when it reacts 

with other VOCs in the atmosphere (EPA 1994). n-Butanol is flammable and 

causes irritation of eyes, nose and throat in humans (Scheflan & Jacobs 1953). 

The hazard class and category of n-butanol according to the CLP regulation (EC) 

1272/2008 are shown in Table 1. 

n-Butanol is used extensively as a solvent, as an additive in gasoline, in 

cosmetics, hydraulic fluids, detergent formulations, drugs, antibiotics, hormones 
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and vitamins. Other applications include its use as a chemical intermediate in the 

production of butyl acrylate and methacrylate, and as an extractant in the 

manufacture of pharmaceuticals. (EPA 1994.) 

Table 1. Hazard class and category of n-butanol and dichloromethane according to the 

CLP regulation (EC) 1272/2008. 

VOC EC No CAS No Hazard class Category 

n-Butanol 200-751-6 71-36-3 Acute toxicity 4 

  Specific target organ toxicity – single exposure 3 

  Skin corrosion/irritation 2 

  Serious eye damage/eye irritation  1 

  Flammable liquid 3 

Dichloromethane 200-838-9 75-09-2 Carcinogen 3 

1.3.2 Dichloromethane 

Most dichloromethane or methylene chloride (CH2Cl2, CAS number: 75-09-2) is 

released into air, and to a lesser extent into water and soil (ATSDR 2000). 

Dichloromethane shows high persistence in water (half-life over 700 years) and 

atmosphere (half-life 79 days) (Sonoyama et al. 2001).  

Dichloromethane is highly hazardous for the environment and for human 

health. Dichloromethane contributes to the destruction of the ozone layer, global 

warming and photochemical smog (Ordoñez et al. 1997 as quoted in Gorri 1999). 

Some observed effects of dichloromethane after acute and/or chronic exposures 

are reversible central nervous system depression, narcosis, irritation of eyes, skin 

and respiratory tract, lung edema as well as production of elevated 

carboxyhemoglobin levels in the blood (Dhillon & Von Burg 1995). It is 

classified as a carcinogen (category 3) by the CLP regulation (EC) 1272/2008 

(Table 1).  

Dichloromethane is used as a solvent for cellulose esters, fats, oils, resins and 

rubber (Dhillon & Von Burg 1995). It is also employed as a processing solvent in 

the manufacture of steroids, vitamins and tablet coatings (NTP 2005). Additional 

usages are as a blowing agent for foams, a solvent in paint removers, and a 

flammability depressant in coatings and room deodorants (NTP 1989, ATSDR 

1987 as quoted in Dhillon 1995). 
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1.4 Aim of the study 

The main aim of this study is to promote the efficient use of resources in the 

chemical industry by transforming VOCs into resources and to reduce its negative 

impact on the environment. With this in mind the objectives of this thesis were to 

obtain new knowledge on the following key issues: 

– the purification of wastewater with the ultimate aim of recovering valuable 

compounds, 
– understanding multicomponent systems, 
– the reclamation of n-butanol and dichloromethane from aqueous systems 

using pervaporation processes, 
– study of the effect of the presence of electrolytes on the removal efficiency of 

pervaporation towards the VOCs,  
– the suitability of statistical experimental design for pervaporation studies, 
– the effect of experimental variables on the performance of the pervaporation 

process, and 
– mass transport of the permeable compounds through the hydrophobic 

membranes under study. 

1.5 Position and contribution of the peer reviewed publications in 

relation to the research aim  

The contribution of the original papers included in this compendium for achieving 

the aims of this study is explained in Table 2. 
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Table 2. Contribution of the original papers to the research aim. 

Original papers Contribution to the research aim 

Paper I  

Factors affecting resource  

use optimisation of the  

chemical industry in the 

Northern Ostrobothnia  

region of Finland 

Motivation for the conduction of the thesis work 

Applying the concept of resource efficiency to the chemical industry 

Evaluation of approaches to reduce the environmental impact of the 

chemical industry 

Study of resource efficiency in the chemical industry of the Northern 

Ostrobothnia region of Finland 

Paper II  

Recovery of n-butanol from  

salt containing solutions by 

pervaporation 

Concentration of n-butanol by pervaporation using different 

hydrophobic membranes  

Understanding the pervaporation of binary and ternary systems at 

different temperatures and feed concentrations 

Study of the effect of the presence of sodium chloride on the 

pervaporation performance 

Determination of the swelling of the membranes 

Mass transfer analysis of n-butanol and water through the 

membranes 

Paper III  

Pervaporation of 

dichloromethane from 

multicomponent aqueous 

systems containing  

n-butanol and sodium  

chloride 

Concentration of n-butanol and dichloromethane by pervaporation 

using a hydrophobic membrane 

Study of the pervaporation of binary, ternary and quaternary 

systems at different temperatures and feed concentrations 

Study of coupling effects and swelling of the membrane 

Evaluation of the effect of sodium chloride on the pervaporation 

performance 

Mass transfer analysis of n-butanol, dichloromethane and water 

through a hydrophobic membrane 

Paper IV  

Dehydration of 

water/dichloromethane/ 

n-butanol mixtures by 

pervaporation; optimisation  

and modelling by response 

surface methodology 

Purification of n-butanol and dichloromethane mixtures by 

pervaporation using a hydrophilic membrane 

Use of statistical design in pervaporation studies 

Understanding multicomponent systems 

Evaluation of the pervaporation performance at different feed 

concentrations and temperatures 

Paper V  

Separation and concentration  

of bilberry impact aroma 

compound from dilute model 

solution by pervaporation 

Guidance for conducting mass transfer analysis of compounds 

through membranes 

Example of experimental evaluation of the resistance-in-series 

model 
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2 Critical aspects of the chemical industry 

The chemical industry is characterised by its complexity in being defined and 

categorised. The complex structure and variety of raw materials, the complex 

nature of the waste streams produced and the controversial impact on the 

environment and society are also features of its sectors.  

The chemical industry commenced in the middle of the eighteenth century 

out of demands created by other industries. Some chemical industry pioneers 

were Nicolas Leblanc, Claude Louis Berthollet, Joshua Ward, and Ernest and 

Alfred Solvay. (Aftalion 1991, Reuben & Burstall 1973.) 

The chemical industry had an important role in the Industrial Revolution 

during which countries developed from agricultural to industrial countries. At its 

commencement the chemical industry was essentially an inorganic or mineral 

manufacturer controlled by France and England. The chemical industry 

manufactured sulphuric acid needed for the preparation of dyes as well as for the 

production of hydrochloric and nitric acids used in the treatment of metals. 

Another important demand that contributed to the development of the chemical 

industry was the increasing demand for alkalis (soda ash and potash) due to the 

rise in living standards in towns. These compounds were needed for glassmaking 

and soapmaking, for textile dyes and for bleach for fabrics. (Aftalion 1991.) 

The evolution of the chemical industry is connected with advances in 

chemistry and the occurrence of historical events such as the two World Wars. 

The First World War caused the chemical industry to switch to the manufacture of 

explosives, poisonous gases, pharmaceuticals and synthetic rubber. Also, the post-

war depression had an influence on the development of the chemical industry. In 

the Second World War, countries such as Germany were dependent on synthetic 

materials produced by the chemical industry such as polymers for tyres, electrical 

insulation, parachutes, etc. An important breakthrough in the chemical industry 

was the shift from using coal to using oil as raw materials which made 

manufacturing processes cheaper. (Reuben & Burstall 1973.) 

Since its early days the chemical industry has expanded into many other 

countries and currently represents an important industrial sector. Figure 1 shows 

the turnover of the chemical industry worldwide in 2006. As observed, the 

chemical industry has a more notable role in the European countries than in other 

regions of the world. According to the Chemical Industry Federation of Finland 

the Finnish chemical industry is one of the three major industries in the country 
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right after technology and forest industries (Chemical Industry Federation of 

Finland 2009). 

 
Fig. 1. Turnover of the chemical industry worldwide by region in 2006 (% of total, 2.3 

trillion €) (ICCA 2007). 

2.1 Definition of the chemical industry 

Most industries are described according to either their manufacturing input or 

output. Examples are the metal industry because of its manufacturing input being 

metal or the food industry where the nutritional end product is consumed by the 

end-users.  

If the chemical industry is defined according to the end product, the question 

of what is considered a chemical product arises. If defined according to the type 

of raw material used, i.e. chemicals, the definition becomes too wide and 

impractical. Consequently, the boundaries of the chemical industry are somewhat 

vague. Definitions adopted for statistical purposes also vary from source to source, 

leading to false conclusions when comparing the performance of the chemical 

industry in different countries. 

The definition and break-down into sectors of the chemical industry used in 

this thesis, instead, lies on the basis of the manufacturing process being chemical 

reactions. There are some industries, for instance the food industry, which also 

manufacture products using chemical reactions but are not traditionally 

considered a part of the chemical industry. In order to exclude them, the following 

definition is proposed: chemical industry utilises chemical reactions to 

manufacture products without any nutritional purpose. 



 27

2.2 General footprint of the chemical industry 

The chemical industry manufactures a vast variety of products that improve our 

daily life. In general, outcomes of its sectors are so commonplace that the 

advantages it brings to society are not readily acknowledged. Many benefits 

brought by the chemical industry are unnoticed by the general public because, as 

Figure 2 shows, many of its products are used by the chemical industry itself and 

other industries before reaching the consumers.  

Fig. 2. Connection between the chemical industry, other industries and consumers 

(based on EEA 1995 and Swift 1999 as quoted in OECD 2001). 

The chemical industry also contributes to advances in other industries: the 

manufacture of herbicides, insecticides and fertilisers for agriculture, additives 

and preservatives for the food industry etc. Other outcomes include medicines, 

fuels, plastics, fibres for clothing and household products. In addition, 

technological advances in the chemical industry have had a positive influence on 
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local, regional and national economies. For instance, some cities have grown due 

to the employment by certain chemical companies. 

The ecological footprint of the chemical industry is monitored by the 

International Council of Chemical Associations (ICCA) through the Responsible 

Care Programme (2009). This programme is a global voluntary initiative to 

address environmental, economic and public concerns about chemicals. 

According to the ICCA, the chemical industry consumes high quantities of energy 

and water, and emits a significant amount of hazardous substances into the 

environment (Responsible Care 2007). These facts, together with accidents, such 

as the Bhopal disaster in 1984 and the resultant media coverage, have created the 

perception of the chemical industry as being the cause of negative impacts, such 

as climate change, ozone depletion, acid rain, industrial accidents, water and air 

pollution, and diseases. 

The chemical industry has, however, improved its environmental 

performance (ICCA 2007). For instance, since the start of this work in 2003 the 

Finnish chemical industry has decreased its discharge of effluents in terms of 

chemical oxygen demand (COD) (Figure 3a) and in terms of the release of VOCs 

to the atmosphere (Figure 3b). On the contrary, the amount of hazardous waste 

produced has increased (from 114 ktonnes in 2003 to 163 ktonnes in 2008).  

 

 
Fig. 3. Environmental performance of the Finnish chemical industry during the period 

2003–2008: a) Discharges of effluents in terms of chemical oxygen demand (COD) and 

b) release of VOCs to air (Based on Responsible Care 2009). 
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This indicates the need for more stringent measures to reduce this particular 

negative impact of the chemical industry. Results from the Responsible Care 

Programme also show that the amount of waste disposed is significantly higher, 

an average of 4.5 times, than the amount that is transported for recycling, re-use 

or recovery. This fact is an indicator of the need for separation methods 

appropriate for the utilisation of valuable compounds from chemical effluents. 

(Responsible Care 2009.) 

Generally, improvements in the environmental performance of the chemical 

industry are accomplished by implementing so-called end-of-pipe technologies at 

the end of the manufacturing process. These techniques do not alter the 

production process and transform wastes into less polluting compounds (Van 

Weenen 1995). Examples are chemical, biological and physical treatments of 

terminal streams. 

Additionally, it would be fair to stress the important role of the chemical 

industry in mitigating its own environmental problems. For instance, the chemical 

industry has created e.g. catalysts for reducing atmospheric air pollution and 

created real-time analysis apparatuses to minimise the potential for accidents. It 

has also developed chemical processes to use renewable resources like biomass 

and to decrease the environmental impact of the industry. Nevertheless, there is 

little public awareness of this contribution of the chemical industry. 

2.3 Resource efficiency of the chemical industry 

Resource efficiency or resource use optimisation is a key concept for the chemical 

industry in order to move towards enhanced sustainability of practice. This term 

was originally used in an agricultural scenario and referred to the use of natural 

resources with the main purpose of minimising their input when manufacturing a 

product or delivering a service (Dillon & Anderson 1990). Resource efficiently is 

increasingly applied in other industries such as the forest industry (Cheng et al. In 

press) and food industry (Henningsson et al. 2004), and in other contexts, 

amongst others, municipal solid waste management (Velis et al. 2009) and 

healthcare waste (Tudor et al. 2008). The United Nations Environmental 

Programme (2009) defines resource efficiency as one of the key priority areas to 

foster sustainable consumption and production by leading global efforts to ensure 

natural resources are provided, processed and consumed in a more sustainable 

way. Paper I explores the use of the concept of resource efficiency in the chemical 

industry. 
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The results reported in Paper I are an illustrative indicator of the factors 

affecting resource efficiency in the chemical industry. Paper I also explores the 

practices employed inside the factories. The study showed that the resources 

considered as the most important were workforce and material resources, 

followed by energy and water. This order may be affected by the cost of each 

resource. The chemical companies primarily practiced activities aimed at the 

efficient use of resources in their manufacturing processes. Examples of these 

activities were machine maintenance to increase efficiency, and reduction of raw 

material and process losses. Activities in other areas of the factory were 

considered less important. Examples of these activities were using cheaper night-

electricity, application of re-usable transport packages or efficient water use in 

restrooms. Improvement efforts should be directed at this matter, as these changes 

go straight to a company’s bottom line, improving environmental performance 

and profit. 

The benefits the respondent companies obtained were mainly economical. 

Social advantages such as working in a greener environment were not observed or 

considered. 

In order to improve this situation, the respondents of the study considered 

that legislation and changing attitudes of the employees were the main drivers for 

change towards more sustainable practices. This could be understood as a result 

of the strict regulation of the chemical industry in which most of the companies 

need environmental permits to function. 

As pointed out, the chemical companies commented on several obstacles 

encountered when trying to reduce their waste. It was considered that legislation 

is a barrier when reducing waste and especially when considering the utilisation 

of hazardous waste. Other barriers listed were a lack of information about the 

technologies, human resources and absence of recycling markets. Additionally, 

social aspects such as change in the attitudes of suppliers and customers were not 

claimed as driving forces for change. This last result is controversial as the 

importance of consumers and society in general is very important for achieving 

changes in attitudes and practices. Also Anastas & Zimmerman (2003) pointed 

out that when considering the chemical industry as a whole, use of time and 

working space as well as materials and labour must be included when reducing 

their waste. 

Considering the chemical process illustrated in Figure 4, the efficient use of 

the input resources directly affects the amount of emissions and byproducts 

produced. Avoiding any losses in the manufacturing process is also essential for 
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avoiding the generation of waste. Paper I states that preventing waste is limited in 

some respects, though even with drastic measures a significant amount of waste 

streams will still be produced. In these situations, the means to achieve further 

resource efficiency is to find a useful outlet for the waste that is unavoidably 

generated, i.e. to transform wastes (output) into resources (input). 

 

 
Fig. 4. Material balance in a chemical process in a chemical factory (Based on Paper I 

© 2008 Elsevier). 

Resource use optimisation is concerned mainly with the quantity, rather than the 

hazardous nature of the resources utilised in the process. Nevertheless, improving 

resource efficiency through the transformation of waste into resources has an 

effect on the toxicity of the produced waste. The amount of hazardous waste 

produced in a chemical process (Figure 4) may be connected with the nature of 

the input materials used. However, as pointed out in Paper I, due to a range of 

legislative and economic restrictions, reduction in the use of hazardous materials 

is preferable to substitution. It may also be argued that for some chemical 

reactions the secondary products may be more toxic than the reagents (for 

example the oxidation of nitrophenol to carbon dioxide or water purification 

using chlorine). Unless new synthetic routes are designed and implemented, 

efforts should be directed at on-site measurement of the waste already created. 

Recovering valuable toxic compounds decreases the hazard of the streams and 

contributes to the rational use of raw materials. 

The employment of improved resource efficiency by the transformation of 

waste into resources applies particularly to the emissions of organic solvents by 

the fine chemicals and pharmaceuticals industries. Paper I reported that the 
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chemical industry of the Northern Ostrobothnia region of Finland conducted 

source separation for potential utilisation and regenerated used solvents. 

When transforming waste into re-usable material, reclamation operations play 

an important role. Reclamation may be achieved by a variety of membrane 

separation processes, which enable the fractionation of wastewaters into valuable 

pure materials that may subsequently be re-used as resources or valuable 

byproducts (Koltuniewicz & Drioli 2008). Depending on the quality of the 

remaining water, the treated wastewater may be discharged into the environment 

or re-used for cleaning, irrigation of agricultural land and urban areas or in 

industrial cooling systems (Dobson & Burgess 2007). 

2.3.1 Clean technologies 

Clean technologies have been of major importance for technology development in 

Europe most prominent since the 4th Framework Programme of the European 

Union (EU) (Schramm & Hackstock 1998). 

Clean technologies, as opposed to end-of-pipe technologies, aim at 

preventing waste and pollution at its source, and at efficient use of resources 

(Kemp et al. 1992). Clean technologies involve the modifying existing process to 

be more environmentally friendly (United Nations 1997). Modifications may be 

achieved in several manners (ADEME 1998 as quoted in Koltuniewwicz & Drioli 

2008): 

– by optimising the existing process with additional equipment and resources, 
– by maintaining the process principle but modifying the process with 

additional steps, and 
– by modifying the nature of the production process.  

Examples of clean technologies are such processes that, compared to the 

alternatives, consume energy and water efficiently, use smaller amounts of and 

less hazardous raw materials, and processes that include the utilisation of by-

products formed during the manufacturing process (Belis-Bergouignan et al. 

2004). 

When considering the implementation of clean technologies a strategy for 

identifying and monitoring is essential. Mapping the resources used and the waste 

produced is fundamental to identifying major waste sources and developing cost-

effective ways to handle the problem. As material balances become complicated 
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when considering the manufacturing site as a whole, individual production areas 

should be monitored and targets for improvements should be established. 

An example of resource mapping is given in Figure 4. The following 

guidelines are useful when evaluating the possible use of clean technologies 

(Envirowise 1996a, Envirowise 1996b): 

– determine the cost of waste, 

– develop better understanding of products and processes, 

– analyse process performance and identify areas of avoidable waste, 

– identify and prioritise opportunities for process improvements, 

– recover material for direct on-site re-use and/or recycling, and 

– monitor continuously to check that improvements implemented are effective 

and that the levels of improvement are being maintained 

The aims of clean technology need to be implemented not only in the chemical 

process but in the factory as well. Considering Figure 4, examples of measures 

that may be implemented in the factory are: 

– minimise use of consumables, 

– efficient use of water and energy, 

– utilise waste and/or by-products as raw material, 

– minimise transportation, and 

– re-use of by-products within the factory. 

2.4 Constraints of the regulation of the Finnish chemical industry 

Society has expressed its concern regarding the waste the chemical industry 

produces. This pressure is manifesting itself in increasingly restrictive legislation. 

The main goal of regulating this industry is the protection of the environment and 

human health. However, as commented earlier, legislation might be seen as well 

as an obstacle for waste reduction. As legislation is becoming more specific and 

complicated, companies must make an extraordinary effort to keep up with all the 

new acts, decrees, orders, directives and communications (Kvist et al. In press).  

Finnish waste legislation is largely based on EU legislation. Some standards 

and limits, however, are stricter than those applied in the EU. Finland has enacted 

legislation on certain waste issues that are not yet covered by EU legislation. 

(Finland’s environmental administration 2009.) The chemical industry is mainly 

regulated by the legislation listed in Table 3.  
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Table 3. Main regulations affecting the Finnish chemical industry. 

Regulation Measures 

Environmental Protection Act (86/2000) Requires the chemical industry to have an 

environmental permit to function 

Environmental Protection Decree (169/2000) Gives guidelines to comply with the Environmental 

Protection Act (86/2000) 

Waste Act (1072/1993) Definition of waste and hazardous waste 

Chemical Act (744/1989) including EU regulation  

on the Registration, Evaluation, Authorisation and 

Restriction of Chemicals (REACH) 

Definition of hazardous chemicals to health and 

environment  

Obliges the chemical industry to label their products, 

avoid and reduce the use of hazardous chemicals 

and assess their risks 

The Environmental Protection Act (86/2000) implements the EU directive on 

Integrated Pollution Prevention and Control (IPPC). According to this Directive 

the chemical industry is required to have an environmental permit because of its 

high pollution potential. The purpose of the permit system is to give authorities 

the control of such activities that pose an environmental risk. The environmental 

permit will be issued only if certain environmental conditions are met. The IPPC 

Directive dictates measures to prevent or, if not feasible, to reduce emissions to 

the air, aquatic media and soil. (Finland’s environmental administration 2009.) 

The Environmental Protection Decree (169/2000) provides the guidelines for 

complying with the Environmental Protection Act (86/2000). When applying for 

environmental permits, the companies must provide sufficient information about 

how they use chemicals as well as details of any emissions and their 

environmental impacts. Consequently, the companies themselves have the 

responsibility for preventing and reducing any pollution they may cause. 

The chemical industry has claimed that it faces limitations regarding the 

definition of waste and determining whether waste is hazardous or non-hazardous. 

It encountered special difficulties in determining whether the following materials 

were waste or not, and thus the proper waste category: sludge from waste water 

treatment plants, catalysts, solvents, fuels and by-products as wastes. (Lindström 

et al. 2005.) The criticism regarding the classification of solvents as hazardous or 

non-hazardous is of major concern as the chemical industry uses large quantities 

of organic solvents (Metzger 2001).  
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The distinction between waste and by-product can affect the bureaucracy of 

environmental permits because of uncertainty about whether the industrial 

activity is covered by IPPC. 

Paper I also pointed out a misunderstanding in some waste-related concepts. 

The responding chemical companies in the Northern Ostrobothnia region of 

Finland often confused re-use and recycling. The new Directive 2008/98/EC deals 

with these issues. This directive is not yet implemented in Finland and excludes 

wastewaters from its scope. However, it could be considered as a guideline when 

dealing with conceptual misunderstandings. This directive sets the definitions of 

prevention, re-use, preparing for re-use, treatment, recycling, recovery and 

disposal. In addition, it provides a new waste management hierarchy and clarifies 

the difference between by-products and waste, and when a certain waste ceases to 

be waste. 

Unless there are special regulations or emission limits defined in other 

decrees or directives, operator must use best available techniques (BAT) and best 

practices to prevent discharges or emissions or to reduce emissions to acceptable 

levels. The limits also depend on the location of the discharge and its quality. 

(Finland’s environmental administration 2009.) This thesis supports the 

implementation of the IPPC Directive and the reduction of negative impacts of 

the chemical industry by the research of membrane technology. Pervaporation is 

proposed as a BAT for recovering solvents and for their reclamation in difficult 

conditions. 
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3 Membrane technology 

Membrane technology is an evolving separation technology which uses semi-

permeable membranes to segregate one or more constituents from a mixture 

(Mulder 1998). As a result of the driving force applied to the system the outcomes 

of the membrane process are the permeate, the part of a mixture that passes 

through the membrane, and the retentate, the fraction that the membrane retains 

(Figure 5).  

Fig. 5. Schematic diagram of a membrane process. 

The key feature of this technology is the membrane. There are different 

definitions of the term membrane. The definition used in this study is “membrane 

is a permselective material that allows one or more constituents of a mixture to 

pass through more readily than others” (Mulder 1998, Judd & Jefferson 2003). 

Depending on the membrane process and application, different membranes 

are suitable. The performance of a membrane is usually given by the amount of 

material going through a unit of area of the membrane per unit of time (flux) and 

the separation effectiveness. The separation effectiveness is measured by several 

factors among others the selectivity and the enrichment factor. The membrane 

should exhibit high fluxes and separation effectiveness, and be tolerant to 

temperature variations and the feed stream components. It should have a low 

manufacturing cost and display good manufacturing reproducibility. 
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3.1 Membrane classification (Mulder 1998)  

Membranes are classified according to different definitions as illustrated in Figure 

6. 

 
Fig. 6. Classification of membranes according to different criteria. 

Membranes may be categorised according to the mechanism by which separation 

is achieved. Porous membranes discriminate according to size of particles or 

molecules, and dense or non-porous membranes discriminate according to 

chemical affinities between components and membrane materials. In porous 

membranes the pore can vary from micrometers to nanometers. 

Membranes may additionally be classified according to the nature of the 

functional groups comprised in the membrane, into polar or hydrophilic 

membranes and non-polar or hydrophobic membranes. Hydrophilic membranes 

preferentially permeate polar compounds, while organophilic membranes 

preferentially permeate non-polar organics.  

Membranes may also be grouped according to their material composition, 

which is either organic (polymeric) or inorganic (ceramic or metallic). 

Additional membrane categorisation is done on the basis of their physical 

structure or morphology into symmetric or asymmetric. In asymmetric 

membranes, contrary to symmetric membranes, their pore size varies with the 
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membrane depth. They generally have a thin, dense skin layer supported on a 

microporous substrate. An asymmetric membrane is formed in either an integral 

form or in a composite form. The main difference between the two types of 

asymmetric membranes is whether the skin and the substrate are made from the 

same polymer material (asymmetric membrane) or not (composite membrane). 

3.2 Membrane processes and applications 

Membrane technology involves many different membrane processes. Although 

the overall driving force of membrane processes is the chemical potential, the 

difference in chemical potential between the feed and the permeate may be 

attained by the difference in several factors such as pressure, temperature, 

concentration and electrical potential. The membrane process selected for an 

application depends on the targeted separation objective and the compounds 

involved in the separation. The use of membrane processes rather than 

conventional technologies offers the general advantages and disadvantages listed 

in Table 4. In order to improve the performance of the membrane process, cross-

flow operation is preferred to dead-end operation because it shows lower 

concentration polarisation and fouling tendency. Further, Table 5 lists examples of 

membrane processes together with their determining driving force and 

applications. 

Table 4. General advantages and disadvantages of membrane processes over 

conventional technologies (Mulder 1998, Caetano 1995, Awadalla & Kumar 1994). 

Advantages Disadvantages 

Separation is carried out simultaneously Polarisation 

Modest energy consumption Membrane fouling 

Simplicity of processing Low membrane lifetime 

Separation is carried out under mild conditions Low selectivity  

Easy up-scaling Low flux  

Membrane properties are variable and adjustable The up-scaling factor is more or less linear 

No additives required  

Membrane processes are easily combined with 

other separation processes, i.e. hybrid processes 

 

Little or no chemical alteration of the constituents on 

the concentrated stream 

 

Possibility of permeate and retentate recycling  
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Table 5. Characteristics of some membrane separation processes (Mulder 1998, Judd 

& Jefferson 2003). 

Driving force Membrane process Typical separation Application 

Hydrostatic pressure 

difference 

Microfiltration Suspended solids Industrial waste water 

treatment 

 Ultrafiltration Dissolved solute 

macromolecules and 

suspended colloidal 

particles 

Clarification of fruit juice 

 Nanofiltration Multivalent ions and certain 

charged or polar molecules 

Water softening 

 Reverse osmosis Inorganic ions Desalination of seawater 

and brackish water 

 Pervaporation Volatile solutes Dehydration of organic 

solvents 

Vapour pressure 

difference 

Vapour permeation Gas mixtures Prepurification of natural 

gas 

Concentration  

difference 

Dialysis Low molecular weight 

organic solutes and liquid 

macromolecule salts 

Artificial kidney 

Electrochemical potential 

difference 

Electrodialysis Ions Desalination of brackish 

water 

Temperature and vapour 

pressure difference 

Membrane 

distillation 

Water and non volatile 

solutes 

Concentration of aqueous 

solutions 
Membrane technology may be used in several industries: water, textile, tannery 

food, metal plating, electronic, pulp and paper and the chemical industry 

(Koltuniewicz & Drioli 2008).  

3.3 Membrane processes for VOCs separation and the proposed 
approach for the reclamation of n-butanol and dichloromethane 

The strategies for the separation of VOCs should include the possibility of 

separating the VOCs into pure components according to the attainable selectivity 

of the separation process (Urtiaga et al. 2002).  

Membrane processes for the separation of VOCs include pervaporation, 

membrane distillation, reverse osmosis and nanofiltration (Koltuniewicz & Drioli 

2008). Of these, pervaporation has excellent potential due to the availability of 
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selective membranes with preferential flux of specific compounds (Mulder 1998). 

In principle any VOC, because of their volatile nature, may be separated by 

pervaporation. The implementation of this process in the industry has not yet 

reached its full capability and pervaporation is still under research. Challenges to 

progress in the area of pervaporation research are the development of membranes 

tolerable to waste streams, hybrid processes to attain certain environmental goals 

and understanding the pervaporation of multicomponent systems. 

The reclamation of n-butanol and dichloromethane from waters containing 

sodium chloride presents several obstacles: 

– the concentration of VOCs in the effluents is low to such an extent that the 

reduction of the volume and/or toxicity of the effluents is very difficult and 

costly,  

– the effluents contain electrolytes that can affect the performance of the 

separation process,  

– dichloromethane is an extremely volatile VOC. This feature easies the loss of 

dichloromethane during the separation process and makes its recovery 

difficult, and  

– the resulting mixture needs to have a sufficiently high concentration of VOCs 

for further re-use. 

Because of its features pervaporation is especially convenient for performing 

reclamation that overcomes these difficulties. Figure 7 illustrates a proposal for 

the reclamation of n-butanol and dichloromethane from the waters containing 

sodium chloride.  
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Fig. 7. Schematic diagram of the proposed approach for the reclamation of n-butanol 

and dichloromethane from aqueous mixtures containing sodium chloride. 

The process consists of several pervaporation stages using hydrophobic and 

hydrophilic membranes. Depending on the nature of the membrane, pervaporation 

is used for separating the VOCs from aqueous systems (hydrophobic membranes) 

or for the dehydration of the VOCs (hydrophilic membranes). After permeating 

the feed sample through the hydrophobic membranes, the amount of VOCs in the 

initial sample is reduced (Papers II and III). The permeate does not contain the 

electrolyte, as sodium chloride is not a volatile compound. The permeate of 

concentrated VOCs permeates through the hydrophilic membrane and the water is 

removed from the mixture (Paper IV). The result of this stage is a mixture of 

dichloromethane and n-butanol as retentate, and water as permeate. The mixture 

contains pure organic solvents and may be further separated by traditional 

separation processes such as distillation. The water obtained may be discharged 

into the environment or preferably re-used for cleaning or cooling purposes.  

The separation of VOCs by pervaporation is conducted mainly by using 

polymeric membranes because inorganic membranes are far more expensive than 

polymeric ones (Brüschke 2001). Polymeric membranes may contain inorganic 

particles dispersed throughout the polymeric structure and are termed mixed 

matrix membranes (Chapman et al. 2008). Consequently, the experiments for this 

thesis are conducted using these types of membranes. The pervaporation 

principles, critical features and mass transport explained in the following chapters 

also refer to polymeric and matrix membranes. 
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4 Pervaporation 

First observations about the pervaporation phenomenon date back to the 

beginning of the 20th century (1906) (Neel 1991). However, it was not until 1917 

that Kober introduced the term pervaporation for the first time. He used it to 

describe the selective permeation of water through a collodion bag in a 

publication of the Journal of American Chemical Society. (Feng & Huang 1997.) 

In the following decades pervaporation studies were conducted to further 

knowledge on the subject. The studies focused on the separation of liquid 

mixtures by pervaporation and on the development of membranes. Later, in the 

1950s, pervaporation research aimed at potential industrial applications. The 

membranes used at that time (natural and synthetic rubbers, cellulose esters and 

ethers) exhibited low fluxes and separation efficiency. These negative results 

obstructed any large-scale application of pervaporation. (Brüschke 2001.) The 

development of asymmetric membranes in the 1960s opened a door for making 

use of the high selectivity of pervaporation transport. The development of the 

composite GFT (Gesellschaft für Trenntechnik) membranes in the 1980s allowed 

for the first practical implementation of pervaporation by GFT (GFT was taken 

over by Carbone Lorraine who sold its pervaportion technique to Sulzer 

Chemtech), the dehydration of azeotropes ethanol using a cross-linked poly(vinyl 

alcohol) (PVA) on micro porous polyacrylonitrile substrate (Li et al. 2008, 

Srinivasa et al. 2006). The ethanol feed to the membrane contained about 10 wt% 

water. The pervaporation process removed the water producing a residue of pure 

ethanol containing less than 1 wt% water. 

4.1 Principle of pervaporation 

Pervaporation is based on the molecular interactions between feed components 

and the membrane (Afonso & Crespo 2005). In pervaporation (Figure 8), the 

liquid mixture to be separated is in direct contact with one side of a dense 

membrane. The targeted compounds are transported through the membrane and 

desorbed to the permeate side as vapour. (Néel 1991.) The heat necessary for the 

evaporation of the permeate is taken from the sensible heat of the feed mixture 

and passes through the membrane coupled with the transport of matter (Brüschke 

2001). 
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Fig. 8. Schematic diagram of the principle of pervaporation (Based on Afonso & 

Crespo 2005, Brüsche 2001). 

The separation occurs as a result of a gradient in chemical potential (μ). This is 

achieved by differences in the partial vapour pressure between both sides of the 

membrane. (Afonso & Crespo 2005.) The partial vapour pressure of the 

components in the feed is at saturation and is fixed by the temperature and the 

composition of the liquid mixture, and by the nature of the components (Brüschke 

2001). The other side of the membrane is kept at low pressure by applying 

vacuum, inert carrier gas or condensation at low temperatures (Koltuniewicz & 

Drioli 2008). 

As observed in Figure 8, as a consequence of the separation during the 

pervaporation process there is a depletion of concentration and temperature 

between the downstream and the upstream side of the membrane (Brüschke 2001, 

Afonso & Crespo 2005). 

The two main keys in pervaporation are membrane selectivity given as 

selectivity or enrichment factor and flux. The values of these parameters depend 

on experimental variables such as temperature, feed compositions, membrane 

material, and feed side and permeate side pressures. 
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4.2 Pervaporation membranes 

Pervaporation membranes are dense homogeneous media which allow separation 

to occur. The pervaporation membranes most commonly used have a composite 

structure and a flat sheet configuration (Figure 9). These membranes combine 

very thin and highly selective separation layers with rigid, mechanically and 

thermally stable backing layers. (Brüschke 2001.) 

Fig. 9. Cross-section of a composite membrane (Based on García et al. 2009c (Paper 

IV © 2009 Elsevier), Koltuniewicz & Drioli 2008). 

The thin dense layer of composite pervaporation membranes is coated on a 

substructure consisting of a porous support membrane with an asymmetric pore 

structure and a carrier layer of woven or non-woven textile fabric. The thin dense 

layer or separating layer defines the type of composite membrane and thus the 

nature of the separation. The separating layer may be hydrophobic or hydrophilic 

according to the functional groups of the membrane material. 

The porous support under the organic separating layer is made of structural 

polymers such as polyacrylonitrile, polyetherimide, polysulfone, polyethersulfone, 

and polyvinyldenfluoride (Brüschke 2001). Ideally, the porous substrate presents 

negligible resistance to mass transport (Koops et al. 1993). Otherwise, the 

substrate resistance leads to decreased membrane productivity and selectivity 

(Pinnau & Koros 1991). 

Pervaporation membranes may also consist of dense homogeneous polymer 

films. Such membranes show high selectivities in the separation of liquid 

mixtures. However, they exhibit low fluxes due to their high thickness (50–

250 µm). (Dotrémont 1994.) 
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4.3 Critical features of pervaporation 

From the point of view of energy consumption, pervaporation is preferable when 

the concentration of the targeted species in the feed is low. This is because 

pervaporation needs energy for vaporising the permeate (Feng & Huang 1997). 

The volatile nature of the targeted compounds also influences the energy 

efficiency of the process. The energy needed for the condensation of the 

compounds may limit the overall energy consumption of the process. This fact 

needs to be considered when evaluating the implementation of pervaporation. The 

use of pervaporation as a separation method compared to traditional technologies 

displays the general advantages and disadvantages summarised in Table 6. 

Table 6. General advantages and disadvantages of pervaporation (Based on Panek & 

Konieczny 2007, Lipnizki et al. 1999a, Feng & Huang 1997). 

Advantages Disadvantages 

Low operating temperatures that avoid  

the degradation of the compounds 

Low fluxes  

Energy expenditures are usually low Concentration polarisation 

No emissions to the environment Temperature polarisation 

No requirement of additional components  

in the feed 

Requirement of more or less tailor-made membranes 

No product contamination Membrane swelling  

Integration as hybrid process Scarce membrane market 

Compactness, flexibility, simplicity and versatility  

When researching pervaporation some critical features that need to be considered 

are the membrane swelling and the polarisation phenomena. 

Membrane swelling refers to the increase of volume of the membrane 

polymer due to the sorption of the solutes. When the membrane swells, the 

polymer chains are stretched and the space between them increases. Swelling 

tends to alter the membrane properties and generally leads to higher 

permeabilities and lower separation effectiveness (Afonso & Crespo 2005). In 

order to reduce the swelling of the membrane, a variety of membrane 

modification techniques are employed such as crosslinking, blending and grafting 

chemical agents to the original polymer matrix (Chapman et al. 2008, Ellinghorst 

et al. 1987 as quoted in Mulder 1998). 

Polarisation phenomena are illustrated in Figure 10. In pervaporation there is 

a region close to the membrane surface called the boundary layer in which the 
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feed flow velocity and feed temperature decrease. All permeating components and 

also energy must pass through the boundary layer to reach the membrane surface 

(Brüschke 2001). Consequently, the resistance of this boundary layer to the 

transport of the compounds and heat may significantly affect the performance of 

the membrane (Favre 2003, Bhattacharya & Hwang 1997).  

Fig. 10. The principle of concentration (C) and temperature (T) polarisation 

phenomena during the pervaporation of a binary solution where i and j are the minor 

and major compounds, respectively (Based on Favre 2003, Bhattacharya & Hwang, 

1997). 

Polarisation effects are more pronounced when the flux through the membrane is 

higher (Brüschke 2001). The thickness of the boundary layer may be partially 

reduced by operating at a high Reynolds number and by frequently remixing the 

feed stream (Brüschke 2001, Baker 2004). 

4.3.1 Concentration polarisation  

Concentration polarisation phenomenon refers to the concentration difference of 

the species between the bulk of the feed and the membrane surface (Bhattacharya 

& Hwang 1997) (Figure 10). This phenomenon is primarily caused by selective 

transport.  
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In pervaporation processes, feed permeating components sorb in the 

membrane creating a concentration gradient in the boundary layer. Due to this 

gradient, transport of these components from the bulk into the layer occurs. The 

transport may be either convective or diffusive, depending on the solute 

concentration as well as the fluid dynamic conditions over the membrane surface. 

(Afonso & Crespo 2005.) If the flux of the solutes across the boundary layer is 

lower than the fluxes of the solutes across the membrane, then the solutes are 

depleted in the boundary layer. As a result, the concentration of the solutes in the 

membrane upstream surface will also be lower than in the bulk. At the same time, 

there is an accumulation of the less permeable compounds. However, in 

pervaporation the concentration of these species is high and the relative 

concentration changes are small and do not affect the concentration polarisation 

phenomena significantly. (Brüschke 2001.) 

The consequences of the concentration polarisation phenomena are that the 

available driving force, and thus the flux of the more permeable species, is 

reduced and the leakage of the less permeable species is enhanced (Bhattacharya 

& Hwang 1997). Concentration polarisation is less severe when the concentration 

of the component to be removed is high enough for the relative concentration 

changes between the bulk and the surface membrane to be small (Brüschke 2001).  

4.3.2 Temperature polarisation  

Temperature polarisation occurs as a result of the energy required for evaporation 

of the compound removed. As the heat of vaporisation goes through the 

membrane a temperature drop occurs in the boundary layer. The temperature at 

the surface of the membrane is lower than in the bulk of the liquid (Figure 10). 

Consequently the membrane is operating at a lower temperature than is indicated 

from measurements in the bulk of the feed. As fluxes of the components through 

membranes increase with temperature, a reduction in temperature creates a 

reduction in flux. (Brüschke 2001.) 

4.4 Pervaporation applications 

The applications of pervaporation may be classified into three categories:  

1. removal of organic compounds from aqueous solutions, 

2. dehydration of organic solvents, and 
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3. separation of anhydrous organic mixtures.  

Pervaporation systems are commercially available for the first two applications. 

In the majority of the applications pervaporation cannot supply products suitable 

for further processing or waste disposal. Consequently, pervaporation is 

commonly integrated as a hybrid process with distillation and chemical reactors 

(Lipnizki et al. 1999b) and with catalytic reactors (Bengtson et al. 2007). 

Among these three categories, the first two are conducted in this thesis: the 

removal of n-butanol and dichloromethane from aqueous systems containing 

sodium chloride (Papers II and III) and the dehydration of n-butanol/ 

dichloromethane mixtures (Paper IV).  

4.4.1 Removal of organic compounds from aqueous mixtures 

Pervaporation may be efficiently applied for recovery of VOCs with medium to 

high volatility in a concentration range of 200–50 000 ppm. Like most of the 

membrane processes the cost of pervaporation increases linearly with increasing 

system size, whereas processes such as stream stripping scale to the 0.6–0.7 

power. This makes pervaporation most competitive for small to medium-sized 

streams for removal of highly volatile VOCs. (Ray et al. 2009.) 

The separation of organic compounds from aqueous systems is preferentially 

conducted using pervaporation hydrophobic rubbery polymer membranes because 

they are more permeable to VOCs (Yeom et al. 1999). The problem of using 

organophilic rubber membranes is that they give high flux at the cost of 

selectivity (Ray & Ray 2006a). 

Among the several pervaporation membrane materials used for VOCs 

removal are polydimethyl siloxane (PDMS), polyphenylmethylsiloxane (PPMS), 

nitrile-butadiene copolymer (NBR), polyvinylidene fluoride (PVDF), styrene-

butadiene-styrene (SBS), polyether-block-polyamides (PEBA), polyoctylmethyl 

siloxane (POMS) and polyurethane (PUR) (Shao & Kumar 2009, Luo et al. 2008, 

Brun et al. 1985, Srinivasan et al. 2007, Liu et al. 2005a, Panek & Konieczny 

2007, Konieczny et al. 2008, Das et al. 2006). 

Some interesting pervaporation applications in the removal of organics from 

aqueous solutions are: 

– the aroma recovery (Pereira et al. 2006),  

– removal of products from reaction mixtures to shift the equilibrium to the 

side of the wanted product (Liu et al. 2005b), 
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– in analytical applications to enrich a given component for quantitative 

detection (Brown et al. 2007). 

– the separation of product/inhibitors from fermentation broths (Shao & Kumar 

2009, Liu et al. 2005a), and  

– the separation of VOCs from wastewaters (Peng et al. 2003, Konieczny et al. 

2008). 

The recovery of aroma compounds seems to be the most promising application 

for hydrophobic membranes as aroma compounds are high value compounds and, 

compared to traditional methods, the use of pervaporation avoids their 

degradation (Pereira et al. 2006). Paper V explores this type of application by 

conducting the pervaporation of bilberry aroma compounds using PDMS hollow 

fiber membranes.  

Pervaporation is used for separating many different types of VOCs from 

aqueous solutions with different polymeric membranes such as alcohols, esters, 

halogenated hydrocarbons and aromatics. Examples are methyl acetate, ethyl 

acetate, propyl acetate, butyl acetate, pentyl acetate, i-pentyl acetate, hexyl acetate, 

ethyl butyrate and ethyl-2-methyl butyrate with POMS- polyetherimide (PEI) 

membranes (Trifunović & Trägårdh 2005); 1,1,2,2-tetrachloroethane, chloroform, 

carbon tetrachloride and trichloroethylene with PUR–poly (methyl methacrylate) 

membranes (Das et al. 2006); toluene with PDMS composite membranes, PDMS 

and PEBA membranes filled with carbon black (Panek & Konieczny 2007); and 

phenols with PEBA, PERVAP 1060 and PERVAP 1070 membranes (Kujawski et 

al. 2004). 

Pervaporation of n-butanol from aqueous mixtures  

An overview of the research conducted on the pervaporation of n-butanol, 

including the research of the author of this thesis, is presented in Table 7. Studies 

on the separation of n-butanol as an aroma compound are not included due to the 

low concentration of n-butanol in the feed compared to the concentrations of 

organic solvents in wastewaters. 



 51

Table 7. Selective list of publications and the type of membrane used in the 

pervaporation of n-butanol from aqueous mixtures using hydrophobic polymeric and 

mixed-matrix membranes. 

Reference Membrane 

García et al. 2009b  

(Paper II) 

CMX-GF-010-D (polysiloxane composite membrane) and PERTHESE® 

500-1 dimethyl and methyl vinyl siloxane homogeneous membrane)  

García et al. 2009a  

(Paper III) 

CMX-GF-010-D (polysiloxane composite membrane) 

Fouad & Feng 2009 PDMS 1070 (Silicalite-1 filled PDMS membrane) 

Shao & Kumar 2009 PDMS homogeneous and composite membrane 

Fouad & Feng 2008 PEBA 2533 (polyether content (~80 wt%)) 

Srinivasan et al. 2007 PVDF membrane 

Liu et al. 2005a PEBA 2533 

Fadeev et al. 2003 PTMSP 

Huang & Meagher 2001 Silicalite-filled silicone composite membranes 

Qureshi et al. 2001 Silicalite-1 silicone composite membrane 

Fadeev et al. 2001 PTMSP membranes 

Fadeev et al. 2000 PTMSP membranes 

Qureshi et al. 1999 Silicalite-1 silicone membranes 

Jonquières & Fane 1997  PDMS 1060 (PDMS membrane)  

Jonquières & Fane 1997 PDMS 1070 (Silicalite-1 filled PDMS membrane) 

Favre & Nguyen 1996 Dense PDMS membranes 

Favre & Nguyen 1996 PDMS-zeolite membranes 

Vrana et al. 1993 PTFE membranes 

Abbreviations: PDMS: poly (dimethylsiloxane); PEBA: polyether-block-polyamides; PTFE: 

polytetrafluoroethylene; PTMSP: Poly(1-trimethylsilyl-1-propyne); PVDF: poly(vinylidene difluoride). 

The pervaporation of n-butanol has been successfully conducted from different 

matrices. Most of the studies aimed at recovering n-butanol from model or real 

fermentation broths (acetone–butanol–ethanol (ABE)) (Vrana et al. 1993, Favre 

& Nguyen 1996, Jonquières & Fane 1997, Qureshi et al. 1999, Fadeev et al. 2000, 

Fadeev et al. 2001, Qureshi et al. 2001, Huang & Meagher, 2001, Fadeev et al. 

2003, Liu et al. 2005a, Fouad & Feng 2008, Shao & Kumar 2009, Fouad & Feng 

2009). The ABE fermentation process is a potential process for the production of 

chemical feedstock and liquid fuel. If used as fuel for internal combustion engines, 

n-butanol tolerates water contamination better than ethanol and is more suitable 

for distribution through existing pipelines for gasoline. (Fouad & Feng 2008.) 

Special attention is given to the fouling problems caused by the fermentation 

broth. 



 52

Other matrices studies dealt with waste streams from pharmaceutical 

companies (Srinivasan et al. 2007). 

The publications are based on binary and multicomponent systems. Most of 

the studies published on the pervaporation of n-butanol from aqueous mixtures 

used PDMS-based membranes. This polymer is usually selected because of its 

high permeability, good selectivity and ease of preparing a variety of membrane 

shapes, i.e. flat or tubular membranes (Fadeev et al. 2001). The performance of 

the PDMS membrane is improved by incorporating silicalite into the silicone 

rubber (Fouad & Feng 2009, Huang & Meagher 2001, Qureshi et al. 2001, 

Qureshi et al. 1999, Jonquières & Fane 1997, Favre & Nguyen 1996). Silicalites, 

also known as zeolites, are molecular sieves that have the capability to adsorb 

organic solvents such as n-butanol. Other materials used are PEBA (Fouad & 

Feng, 2008, Liu et al. 2005a), PVDF (Srinivasan et al. 2007) PTMSP (Fadeev et 

al. 2003, Fadeev et al. 2001, Fadeev et al. 2000), and PTFE (Vrana et al. 1993). 

The author of the thesis contributes to the investigation on the separation of 

n-butanol by pervaporation with the research reported in García et al. 2009b 

(Paper II) and García et al. 2009a (Paper III). The articles are based on binary and 

multicomponent systems and contribute to the understanding of the pervaporation 

process through the conduction of experiments as well as by mass transport 

analysis. Paper II also explores the use of different membranes with similar 

composition but different thickness. 

Pervaporation of dichloromethane from aqueous mixtures 

An overview of the research conducted on the pervaporation of dichloromethane, 

including the research of the author of this thesis, is presented in Table 8. 
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Table 8. Selective list of publications and the type of membrane used in the 

pervaporation of dichloromethane from aqueous mixtures using hydrophobic 

polymeric and matrix membranes. 

Reference Membrane 

García et al. 2009a  

(Paper III) 

CMX-GF-010-D (polysiloxane composite membrane) 

Park et al. 2008 PDMS 

Nagase et al. 2007 PDMS-grafted PAI and PA 

Park et al. 2007 PDMS 

Urtiaga et al. 2002 PDMS 

Yamaguchi et al. 2001 LA-grafted hollow-fiber-type membrane 

Gorri 1999 Hollow fiber PDMS 

Yeom et al. 1999 PDMS 

Pereira et al. 1998 EPDM membranes 

Lau et al. 1997 Oligosilylstyrene-PDMS 

Ji et al. 1994a PDMS, PEBA, PUR and SPC membranes  

Ji et al. 1994b PDMS, PEBA and PUR membranes 

Dotrémont 1994 PDMS and zeolite filled PDMS  

Dotrémont et al. 1993 Zeolite filled PDMS 

Nguyen & Noble 1987 Silicone tubular membrane 

Abbreviations: EPDM: ethene-propene-diene; LA: Laurylacrylate PA: polyamide; PAI: poly(amide-imide); 

PEBA: polyether-block-polyamides; PDMS: poly (dimethylsiloxane); PUR: polyurethane; SPC: silicone-

polycarbonate copolymer. 

As illustrated in Table 8 PDMS membranes are selected more often than others. 

This is because they exhibit high selectivity towards VOCs and high permeability. 

However, these features may result in concentration polarisation, which affects 

the pervaporation performance negatively. Park et al. (2008) addressed this issue 

and studied the concentration polarisation effect as a function of the molar 

volume of the major permeants.  
In a previous study, Park et al. (2007) used the same type of membrane but 

the focus rested on understanding the permeation, diffusion, and sorption of 

dichloromethane at different experimental variables. The permeation and 

separation behaviour of the dichloromethane aqueous solutions were discussed in 

terms of the effects of the interactions between the organic permeant and the 

membrane material, and the interactions between the water and the organic 

molecules absorbed in the membrane.  
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The authors that studied the mass transport phenomenon are Urtiaga et al. 

(2002) Pereira et al. (1998), Ji et al. (2004a), Ji et al. (2004b), Gorri (1999) and 

Dotrémont 1994. 

Other studies have focused on the research area of membrane development. 

Nagase et al. (2007) considered that PDMS membranes were not practical 

because of the difficulties of preparing an ultrathin membrane to achieve high 

fluxes from the crosslinked material. Consequently, their efforts were directed on 

manufacturing PDMS-grafted polyamide and poly(amide-imide) membranes. 

Yeom et al. (1999) improved the pervaporation separation performance of 

PDMS membranes by enhancing their hydrophobic nature. They added a 

crosslinking reaction to the membrane manufacturing process. 

Yamaguchi et al. (2001) focused on the development of a pore-filling 

membrane. The membrane was composed of two materials: a porous substrate 

and a filling polymer that fills the pores of the substrate. The porous substrate is 

completely inert to organic liquids, and the filling polymer is soluble in one 

component in the feed. The filling polymer exhibits permselectivity due to a 

solubility difference, and the porous substrate matrix prevents the swelling of the 

filling polymer due to its mechanical strength.  

Lau et al. (1997) manufactured a pervaporation membrane by crosslinking 

silylstyrene-oligomer containing -SiH groups with divinyl-PDMS using Karstedt's 

catalyst at room temperature. Other contributions to the membrane development 

research area were done by Ji et al. (2004a), who manufactured membranes of 

PEBA, PUR and SPC, and Pereira et al. (1998), who manufactured membranes of 

EPDM. 

The majority of the published works refer to the pervaporation of binary 

mixtures. Only a few studies explore the pervaporation of multicomponent 

systems (Urtiaga et al. 2002, Gorri 1999, Ji et al. 2004a, Ji et al. 2004b, 

Dotrémont 1994, Nguyen & Noble 1987). 

As indicted in Table 8, the contribution of this thesis to the separation of 

dichloromethane by pervaporation is done through García et al. 2009a (Paper III). 

The study is directed at the pervaporation of binary and multicomponent systems 

at different experimental variables (feed concentration and temperatures). Paper 

III deals with the simultaneous removal of n-butanol and dichloromethane, which 

have different chemical and physical properties. Consequently, the effect of 

compound nature, as well as interaction between the compounds, on the 

pervaporation performance is explored. 
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4.4.2 Dehydration of organic solvents 

Organic solvents are dehydrated as part of their recovery process (Brüschke 2001). 

The organic dewatering is an important and complicated step because many 

common solvents like n-butanol form azeotropes with water. Organic solvents 

such as certain alcohols may also be dehydrated because they may be utilised as 

gasoline substitutes after drying or may be used for biodiesel production purposes 

(Koltuniewicz & Drioli 2008). Water removal is also beneficial in chemical 

reactions such as esterification, acetalisation, ketalisation or etherification. In 

these reactions water is an unwanted by-product. The removal of water from the 

mixture will shift the reaction equilibrium to the side of the wanted product 

leading to higher yields. (Brüschke 2001.) 

The dehydration of organic solvents by pervaporation is conducted using 

hydrophilic membranes. It is the best developed of the three categories of 

applications. (Zhao et al. 2008, Koltuniewicz & Drioli 2008.) Hydrophilic 

membranes incorporate attractive interactions between water and the membrane 

material so that water is preferentially permeated through the membrane. 

Attractive interactions include dipole-dipole interactions, hydrogen bonding and 

ion-dipole interactions (Semenova et al. 1997). For membranes used in 

dehydration, a crucial issue is to control their swelling degree in aqueous feed 

under pervaporation conditions (Xiao et al. 2006). The hydrophilic membranes 

may exhibit fluxes and selectivity depending upon the chemical structure of the 

active layer and the mode of crosslinking. Polymeric membranes for dewatering 

organic solvents are made of different materials such as PVA (Peters et al. 2008), 

natural polymers such as chitosan (CS) (Shao & Kumar 2009), alginate (Dong et 

al. 2006), polysulfone (Hung et al. 2003), and polyimides (Qiao & Chung 2006). 

In azeotropic systems the use of pervaporation has significant advantages 

over traditional distillation. Traditional distillation is only able to recover pure 

solvents with the use of entrainers, which then must be removed using an 

additional separation step (Chapman et al. 2008). The removal of water from 

ethanol azeotropic mixtures is the most successful application of pervaporation on 

an industrial scale (Afonso & Crespo, 2005). Thus far, over 100 plants have been 

installed for the dehydration of ethanol (Baker 2004, Dong et al. 2006). Other 

solvents commonly dehydrated by pervaporation are isopropanol, ethylacetate, 

butylacetate, acetone, acetonitrile, pyridine, methylethyl ketone, n-butanol and 

n-propanol (Sulzer Chemtech Ltd 2009). 
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Pervaporation research on the dehydration of organic solvents has mainly 

focused on ethanol and iso-propanol (Chapman et al. 2008). Regarding the 

targeted compounds in this study, (n-butanol and dichloromethane), only 

n-butanol has been dewatered using polymeric and mixed matrix membranes 

(Table 9). Sommer & Melin (2005) studied the dehydration of dichloromethane 

by pervaporation. However, it was conducted using inorganic membranes (zeolite 

and silica membranes) and due to the reasons stated in Chapter 3.3 it is not 

included in the table. Table 9 also contains the research of the author of this thesis 

regarding the dehydration of n-butanol and dichloromethane. 

Table 9. Selective list of publications and the type of membrane used in the 

dehydration of n-butanol by pervaporation using polymeric and mixed matrix 

membranes. 

Reference Membrane 

García et al. 2009c 

(Paper IV) 

PVA - TiO2/PAN/PPS 

Shao & Kumar 2009 CS/PVDF composite membranes 

Wang et al. 2009a PAI/PEI hollow fiber membranes 

Kreiter et al. 2008 Ceramic-supported polyimide membranes 

Dong et al. 2006 PVA/SA blend hollow fiber composite membrane  

Peters et al. 2008 Ceramic-supported cross-linked PVA membranes 

Peters et al. 2007 Catalytic Amberlyst coated ceramic/PVA membranes 

Peters et al. 2006 Ceramic-supported cross-linked PVA membranes 

Guo et al. 2004 PERVAP 2510 (PVA-PAN-PPS membrane) 

Yeom et al. 2001 PVA crosslinked with glutaraldehyde membrane  

Burshe et al. 1997 Cross linked PVA membranes 

Shaban 1997 Standard commercial PVA 

Shaban 1996 PVA/PAN composite membranes 

Schehlmann et al. 1995 PVA/PAN-composite-membrane 

Abbreviations: CS: Chitosan; PAI: polyamide-imide polyetherimide; PAN: polyacrylonitrile; PEI: 

polyetherimide; PPS: polyphenylene sulfide; PVA: poly(vinyl alcohol); PVDF: Polyvinyledenefluoride; SA: 

sodium alginate; TiO2: titanium dioxide. 

The dehydration of n-butanol by pervaporation is conducted using commercially 

and specific laboratory produced membranes. The research in this area covers 

different issues such as the preparation of suitable membranes and the 

performance efficiency of the membrane at different feed temperatures and 

concentrations. Pervaporation is mainly used for obtaining retentate of pure 

organic solvent. However, Peters et al. (2007) explored other pervaporation 
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purposes. They studied the dehydration of mixtures to enhance the esterification 

reaction between acetic acid and n-butanol. 

When authors researched the dewatering of n-butanol aqueous mixtures using 

commercial membranes, the studies focused on the performance of the membrane 

(García et al. 2009c, Guo et al. 2004, Shaban 1997, Shaban 1996, Schehlmann et 

al. 1995). The commercial membranes consisted of crosslinked PVA. The polar 

group in the PVA material is very effective in dehydration since the alcohol group 

has a high polarity and interacts strongly with water through hydrogen bonding 

(Shaban 1997). PERVAP 2201 has higher degrees of crosslinking and chain 

packing than PERVAP 2510, while PERVAP 2510 has stronger hydrophilicity 

than PERVAP 2201 (Qiao et al. 2006). Furthermore, Pervap 2201 exhibits high 

selectivity but low fluxes (Jonquières et al. 2002). In these studies, the 

pervaporation is conducted at different feed concentrations and temperatures. The 

behaviour of the membrane is discussed considering the effect of swelling, 

coupling, concentration polarisation, etc. 

Research on synthetising a membrane that exhibits high water fluxes and 

selectivity has been conducted. The great majority of the authors selected PVA for 

its chemical stability, membrane-forming ability and heat resistant properties 

(Dong et al. 2006). Another alternative polymer suggested is CS (Shao & Kumar, 

2009). The PVA membranes needed crosslinking to avoid swelling and to increase 

their life-time. However, the crosslinking causes a decrease in fluxes. Wang et al. 

(2009a) and Kreiter et al. (2008) proposed polyamide-polyimide and polyimide 

membranes to avoid the need of crosslinking. 

Another problem which has been addressed is fabricating membranes with an 

ultrathin defect-free selective layer. Peters et al. (2006) proposed a ceramic 

support instead of polymer to overcome the existing limitations and obtained a 

membrane that exhibited high water fluxes and selectivities. Peters et al. (2008) 

proposed a catalytically active ceramic/PVA membrane to couple catalytic activity 

and water removal to assist the esterification reaction between acetic acid and 

1-butanol. 

The prepared membranes were characterised by Scanning Electron 

Microscopy (SEM) and/or Fourier Transform Infrared Spectroscopy (FTIR). The 

studies report on the following matters: membrane morphology (Wang et al. 

2009a), the influence of polymer type and concentration (Kreiter et al. 2008), the 

effect of blended ratio and crosslinking agent (Dong et al. 2006), sorption and 

permeation behaviours (Yeom et al. 2001), and the effect of the type of 

crosslinker and its loading (Burshe et al. 1997). Additionally, the researchers 
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determined the membrane performance of the separation of water from n-butanol 

generally at different temperatures and/or feed concentrations. Shao & Kumar 

(2009) and Wang et al. (2009a) instead, evaluated the membrane at a fixed 

temperature and feed concentration. 

The majority of the research conducted dealt with binary systems. Shaban et 

al. (1996, 1997), however, instead studied the pervaporation of multicomponent 

systems (ethanol, propanol, butanol, acetic acid and ethyl acetate). Their studies 

concentrated on the investigation of the interaction between components. Other 

research which studied multicomponent systems includes Peters et al. (2007). 

As indicated in Table 9, the contribution of this thesis to the research area of 

the dehydration of organic solvents is made with Paper IV (García et al. 2009c). 

The research reported in the article contributed to the study of multicomponent 

systems investigating the effect of the compounds as well as feed temperature on 

the permeation of water through the membrane. Paper IV provides new 

knowledge on the dehydration of alcohol/halogenated hydrocarbon mixtures by 

pervaporation. Most of the studies listed in Table 9 used the one variable at a time 

approach in which one variable is altered, while the others remain constant. Paper 

IV explored other experimental approaches such as statistical design. 

4.4.3 Separation of anhydrous organic mixtures 

The separation of organic-organic mixtures is of major interest in the 

petrochemical industries (Ravanchi et al. 2009). Molecular separation processes 

are responsible for approximately 40% of the total energy consumption 

worldwide in petrochemical industry (Kreiter et al. 2008). Consequently, this 

chemical sector is searching for more energy-efficient separation processes to 

reduce energy consumption. In the separation of anhydrous organic mixtures, 

pervaporation competes with distillation in cases where the organic compounds 

form azeotropes with each other or have close boiling points (Baker 2004).  

The separation of anhydrous organic mixtures is the least developed 

pervaporation application. The main limitation of this application is the low 

stability of the available membranes under the typical conditions of these 

mixtures (Baker 2004). There are some pilot plants which employ this application. 

The first pilot plant was reported by Separex in 1988 and regarded the separation 

of methanol from methyl t-butyl ether/isobutene mixtures using available 

cellulose acetate. More recently, Exxon started a pervaporation pilot plant for the 
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separation of aromatic/aliphatic mixtures using polyimide/poly urethane block 

copolymer membranes. (Ravanchi et al. 2009.) 

Primarily, pervaporation is used for the separation of polar/non-polar and 

non-polar/non-polar solvents (Figure 11). Polar/non-polar mixtures include 

alcohols/aromatics, alcohols/aliphatics and alcohols/ethers systems (Mulder 1998). 

The application of pervaporation for polar/non-polar separation is mainly directed 

at the so-called fuel enhancer oxygenates. These compounds are added to gasoline 

in order to promote cleaner burning in gasoline engines, to increase the octane 

content and to lower exhaust emissions of carbon monoxide and hydrocarbons 

(Gonzalez-Olmos & Iglesias 2008). Examples of fuel oxygenates are alcohols 

such as ethanol, methanol, propanol, n-butanol and t-butanol, and ethers such as 

methyl t-butyl ether (MTBE) (Deeb et al. 2003). Examples of non-polar/non-

polar mixtures are aromatics/aliphatics, aromatics/alicyclics and isomers. 

Important non-polar/non-polar systems due to their commercial possibilities are 

cyclohexane-benzene, C7-C8 hydrocarbon and styrene-ethylbenzene systems. 

(Mulder 1998.) 

 
Fig. 11. Classification of organic-organic separation by pervaporation. 

The research in this area is focused on the development of new membranes. The 

mechanical strength and also the life-time of the membranes are being 

continuously improved upon compared to earlier studies. The membranes used 

for organic-organic separations may be hydrophilic or hydrophobic depending on 

the relative closeness of the solubility parameter of the targeted organic with that 

of the membrane polymer (Ray et al. 1997). The degree of affinity between the 

compounds and the membrane is of great concern. When the affinity exceeds a 
certain level, the membrane gets swollen by the compound and loses its integrity 

and therefore its selectivity (Wolińska-Grabczyk 2006). Examples of the 
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published pervaporation research regarding the separation of the organic-organic 

systems shown in Figure 11 are in Table 10. 

Table 10. Examples of the literature on the separation of alcohol/aromatics, 

alcohols/aliphatics, alcohols/ethers, aromatic/aliphatic, aromatic/alicyclic and isomers 

by pervaporation using polymeric and mixed matrix membranes. 

System under study Membrane Reference 

Polar/Non-polar   

Alcohol/aromatic   

Methanol/Toluene and 

ethanol/toluene 

Silicalite zeolite embedded CS  

mixed matrix membranes 

Patil & Aminabhavi 

2008 

Methanol/benzene and 

Methanol/toluene 

Cellophane, PVA, CA, CTA, blends of CTA with 

acrylic acid, PDMS and LLDPE membranes 

Mandal & Pangarkar 

2002 

Alcohol/aliphatic   

DMC/Methanol CS–silica hybrid membranes Chen et al. 2008 

Alcohol/ethers   

Methanol/MTBE CA membrane filled with metal oxide  

particles (ZnO and Al2O3) 

Wang et al. 2009b 

 Cross-linked copolymerized  

HEMA-acrylamide membranes.  

Ray & Ray 2006b 

Non-polar/Non-polar   

Aromatic/aliphatic   

Thiophene/n-octane PDMS membrane Qi et al. 2006 

 PDMS–AgY zeolite membrane Qi et al. 2007 

Aromatic/alicyclic   

Benzene/Cyclohexane PEBA membranes Yildirim et al. 2008 

 PTMO-based polyurethanes Wolińska-Grabczyk 

2006 

Isomers   

Xylene isomers DNP group-containing CA membrane Kusumocahyo et al. 

2005 

Abbreviations: CA: cellulose acetate; CS: chitosan; CTA: cellulose tri-acetate; DMC: dimethylcarbonate; 

DNP: Dinitrophenyl; GA: glutaraldehyde; HEMA: hydroxyethyl methacrylate; LLDPE: linear low density 

polyethylene; PAA: Polyacrylic acid; PDMS: poly(dimethylsiloxane); PEBA: polyether block amide PTMO: 

poly(oxytetramethylene); PVA: polyvinyl alcohol. 

Most of the work published on the pervaporation of organic-organic mixtures 

refers to the following systems: methanol/MTBE, benzene/cyclohexane, 

dimethylcarbonate (DMC)/methanol and tiophene/n-octane. 

The separation of methanol–MTBE mixtures is needed in the manufacturing 

process of the octane enhancer MTBE. The formation of an azeotrope of the 
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unreacted methanol and MTBE (14.3 wt% methanol) makes it difficult or even 

impossible to separate this mixture around the azeotropic point by conventional 

distillation alone (Wu et al. 2008). Hydrophilic membranes are utilised for 

removing methanol from the system. Most of the membranes referred to in the 

literature contain polymeric materials such as cellulose acetate (Wu et al. 2008). 

Some of the membranes are blended (Wu et al. 2008) or contain inorganic 

compounds (hybrid membranes) such as metal oxide particles (Wang et al. 2009b) 

to improve the pervaporation performance. Crosslinking of polymers is also used 

to enhance the mechanical strength of the membrane (Ray & Ray 2006b). 

The separation of cyclohexane/benzene mixtures is the most researched 

separation of all organic-organic systems. According to García Villaluenga and 

Tabe-Mohammadi (2000), it is among the most important and most difficult 

processes in the petrochemical industry. The mixture is formed in the production 

of cyclohexane by the catalytic hydrogenation of benzene. The main aim is to 

separate benzene from the mixture. The difficulty of this separation lies in the 

close boiling point of cyclohexane and benzene (81 and 80 °C, respectively) and 

approximately equal molecular volumes. Additionally, the compounds can form 

azeotrope at 45 vol.%. (Ray et al. 1997, Lue et al. 2004.). Membranes used 

consist of homopolymers, blends, copolymers or hybrid materials of hydrophilic 

(Peng et al. 2007) or hydrophobic nature (Wolińska-Grabczyk 2006, Yildirim et 

al. 2008). Smitha et al. (2004) published a review of the different types of 

membranes available for the separation of this mixture. 

The application of pervaporation for the separation of other octane enhancers 

often includes the separation of DMC/methanol mixtures. DMC is increasingly 

used because it is an environmentally benign chemical. The synthesis of DMC 

entails the separation of DMC/methanol mixtures, which constitute an azeotrope. 

Pervaporation is employed for the removal of methanol from DMC by using 

hydrophilic membranes such as CS (Chen et al. 2008). The membranes used are 

mainly hybrid, blended or crosslinked and good pervaporation performance was 

reported. 

The separation of thiophene/n-octane systems is of great importance because 

of the increasing specifications for reducing the sulphur content in gasoline. 

Pervaporation is used for removing thiophene from the system by utilising 

hydrophobic membranes. Most of the membranes used are based on PDMS 

materials (Qi et al. 2006, Qi et al. 2007). PDMS membranes were selective for 

thiophenes and considerable fluxes were achieved. However, the use of 

pervaporation for the separation of thiophene/hydrocarbon mixtures has not been 
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effective because the physico-chemical properties of thiophenes and the various 

hydrocarbons, which are the main components of gasoline, are not efficiently 

distinguishable. (Qi et al. 2007.) 
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5 Pervaporation of aqueous mixtures 
containing VOCs and electrolytes 

Impermeable components (salts, proteins, sugars, etc.) may influence the 

performance of pervaporation significantly. Salts can penetrate the membrane and 

cause membrane fouling. In addition, micro-salt crystallites can physically block 

the pores on the permeate side. (Lipnizki et al. 2004.) 

The presence of electrolytes also affects both the mass transfer rate through 

the membrane and the pervaporation driving force. The presence of salts 

influences the pervaporation driving force by affecting the activity coefficients of 

solute and solvents, the so-called salting-out effect. (Kujawski & Krajewski 2007.) 

Salting-out is the phenomenon by which the solubility of one solute in a 

solvent is altered by the presence of another solute. The compound is said to be 

salted out by the electrolyte if its solubility is reduced in the presence of salt 

(Ghizellaoui & Meniai 2005). According to the empirical equation of Setschenow, 

the reduction of the solubility of a component i in an electrolyte solution will 

cause the activity coefficient of the compound to increase (Zemaitis et al. 1986). 

This behaviour is characteristic of the given compound–salt combination and is 

attributed to the greater attraction between ions and water molecules than between 

nonpolar or slightly polar molecules and water (Zemaitis et al. 1986, Hasseine et 

al. 2009). The rise of the activity coefficient implies an increase of the partial 

pressure of the compound on the feed side. Consequently the difference in partial 

pressure between both sides of the membrane is enhanced and so is the 

pervaporation driving force. 

The salting-in effect implies the enhancement of the solubility of a compound 

in salt solutions compared to its solubility in pure water (Zemaitis et al. 1986). 

Salting-in occurs, when for instance, a polar solvent is added to an aqueous salt 

solution. The compound preferentially solvates the water and hence breaks the 

hydration cages previously formed around the salt ions. Consequently, some of 

the water becomes available for the solute, increasing its solubility in the solution 

(Hasseine et al. 2009, Ghizellaoui & Meniai 2005). The activity coefficient 

decreases, which then reduces the pervaporation driving force. 

The mass transfer rate through the membrane is altered by the presence of 

electrolytes. The salts increase the density and viscosity of the feed solution. As a 

consequence, the transport rate should be slower. The effect of salts on the 

pervaporation properties is a balance between the salting-out effect and the 

retarding effect of the increased viscosity and density (Cocchini et al. 2002). 
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Several authors have studied the pervaporation of mixtures containing VOCs 

and electrolytes (Table 11). Most of the studies have focused on the influence of 

the presence of salt on the mass transfer and driving force through hydrophobic 

(Moulin et al. 2002, Böddeker & Bengtson 1990, Dotremónt 1994, Lipnizki et al. 

2004, Favre & Nguyen 1996, Kujawski & Krajewski 2007) and hydrophilic (Shah 

et al. 1999, Ravindra et al. 1999) membranes. 

It was generally observed that the presence of electrolytes had a positive 

effect on the selectivity towards the organic compound (Böddeker & Bengtson 

1990, Lipnizki et al. 2004, Favre & Nguyen 1996, Kujawski & Krajewski 2007). 

This was caused by the simultaneous increase of the permeate fluxes of the 

organic compounds and the decrease of the water flux. Other studies have shown 

decreases of the pervaporation properties or membrane fouling (Ravindra et al. 

1999, Shah et al. 1999, Dotremónt 1994, Dotremónt et al. 1994). There are some 

authors that did not observe any effect of the electrolyte (Shah et al. 1999, 

Nguyen & Noble 1987). 

In the majority of the reported research the membranes were found to be 

impermeable to the electrolytes. Within these studies, Lipnizki et al. (2004) and 

Shah et al. (1999) showed evidences of the penetration of sodium chloride into 

the structure of the membrane and its presence on the membrane surface. 

Ravindra et al. (1999) showed evidence of finding sodium chloride on the 

permeate side. 

As indicated in Table 11, Paper II (García et al. 2009b) and Paper III (García 

et al. 2009a) contribute to this area of research. These papers focus on the effect 

of sodium chloride on the separation of n-butanol and dichloromethane from 

aqueous mixtures. The tolerance of the membrane used towards the presence of 

the electrolyte was of major concern. The effects are analysed at different 

temperatures and concentrations. 
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Table 11. Studies on the pervaporation of mixtures containing VOCs and electrolytes. 

VOC under study Electrolyte Membrane Reference 

n-Butanol NaCl CMX-GF-010-D and PERTHESE® 500-1  García et al. 2009b, 

(Paper II) 

n-Butanol, 

dichloromethane  

NaCl CMX-GF-010-D García et al. 2009a, 

(Paper III) 

Methyl acetate NaCl Pervap 1060 Kujawski & Krajewski 

2007 

Phenol NaCl PEBA 40 Böddeker & Bengtson 

1990 

Trichloroethylene  KCl,  

NaCl,  

Na3PO4,  

FeCl3 and  

CaCl2 

Zeolite filled PDMS Dotremónt 1994  

Trichloroethylene NaCl Zeolite filled PDMS Dotremónt et al. 1994 

1-propanol  NaCl,  

MgCl2, and 

glucose 

Pervap 1060 and Pervap 1070 Lipnizki et al. 2004 

Ethanol, 

Iso-propanol 

NaCl Commercial PVA composite membranes 

(PV 1000, PV 1005 and PV 1001) 

Shah et al. 1999 

n-Butanol  (NH4)2SO4 PDMS membrane Favre & Nguyen 1996 

Dichloromethane, 

bromoethane,  

acetone, ethanol 

NaCl,  

KI 

Silicone tubular membranes Nguyen & Noble 1987 

Dimethylhydrazine, 

monomethylhydrazine 

NaCl CS Ravindra et al. 1999 

Acetone,  

methanol,  

isobutyloxyd 

Sodium salt Pervap 1060 Moulin et al. 2002 
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6 Mass transport in pervaporation 

Understanding of mass transfer mechanisms through pervaporation membranes is 

of importance for membrane manufacturing and process design (Ortiz et al. 2005, 

Trifunovic & Trägårdh 2005). The transport of mixtures through a polymeric 

membrane is generally very complex and depends on the interaction of individual 

permeants with the polymer, and also the mutual interaction among permeants. 

There are two main approaches for describing the transport of components 

through pervaporation membranes: the pore flow model and the solution-

diffusion model. Further, the other important approach is the resistance-in-series 

model. Although the resistance-in-series model does not provide a detailed 

description of the pervaporation process, it is convenient for analysing the relative 

resistances involved in the process.  

The solution-diffusion model is the most accepted one for explaining the 

mass transport through the membrane and together with the resistance-in-series 

model, is the model used for the description of the mass transport in this thesis.  

6.1 Solution-diffusion model 

The solution-diffusion model was introduced by Binning et al. in 1961. The 

model assumes that the fluids on either side of the membrane are in equilibrium 

with the membrane material at the interface. The proposition behind this model is 

that the driving forces of pressure, temperature, concentration, and the 

electromotive force are interrelated. The overall driving force producing 

movement of a permeant is the gradient in its chemical potential. (Wijmans & 

Baker 1995.) 

The solution-diffusion model also considers that the pressure within a 

membrane is uniform and that the chemical potential gradient across the 

membrane is expressed only as a concentration gradient. (Wijmans & Baker 1995, 

Chang et al. 2007, Baker 2004.) The gradients in chemical potential, pressure and 

activity across the membrane are illustrated in Figure 12. 
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Fig. 12. Schematic diagram of the solution-diffusion model (Based on Wijmans & 

Baker 1995). 

Mathematically, the flux J of a component i is related with the gradient in 

chemical potential (dµi/dl) as follows (Wijmans & Baker 1995, Baker 2004): 

 =   ,i
i i

d
J L

dl

μ
−  (1) 

where the chemical potential is written as  

 ln( ) .i i i id RTd X V dpμ γ= +  (2) 

Li represents a coefficient of proportionality, X is the mole fraction (mol/mol) of 

component i, γi is the activity coefficient, p is the pressure and Vi is the molar 

volume of component i. 

Combining Eq. (1) and Eq. (2) and assuming that γi is constant the flux is 

described as a function of concentration ci. 

  .i i
i

i

RTL dc
J

c dl
= −  (3) 

Eq. (3) may be written in the same form as Fick´s law by replacing the term 

RTLi/ci with the diffusion coefficient D:  

  .i
i i

dc
J D

dl
= −  (4) 

Integrating over the thickness of the membranes Eq. (4) is transformed to: 
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where 
( )f mic  and 

( )p mic represent the concentration of the component i in the 

membrane (m) at the feed (f) and permeate (p) interfaces, respectively. 

In pervaporation at the liquid/membrane feed interface, the chemical potential 

of the feed liquid is equilibrated with the chemical potential in the membrane at 

the same pressure. Consequently: 
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which leads to the expression for the concentration at the feed side interface 
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where µi
o is the chemical potential of pure i at the saturation vapor pressure of i 

pisat, ρm is the molar density and Ki
L is the liquid-phase sorption coefficient. 

At the permeate gas/membrane interface, the pressure drops from pf in the 

membrane to pp on the permeate vapor. 
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which leads to the expression for the concentration at the permeate side interface 
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where G
iK  is the gas-phase sorption coefficient. 

Eq. (7) and Eq. (9) may be substituted into Eq. (5) and considering a 

hypothetical vapor in equilibrium with a feed solution (Baker 2004) the following 

expression for the membrane flux is obtained:  
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where 
fip  and 

pi
p  are the partial vapor pressures of component i on either side of 

the membrane. Eq. (10) may be also written as:  

 ( ),
f p

i
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where Pi is the permeability. 

The mass transfer through a pervaporation membrane using the solution-

diffusion model under different conditions has been analysed in several papers 

(Kujawski & Krajewski 2007, Hyders et al. 2009, Mauviel et al. 2005). 

According to this model the transport occurs in the following steps: 

– sorption of a compound from a liquid feed mixture into the membrane active 

layer by solute-polymer interactions,  

– diffusion through the membrane in the existing free volume between the 

crosslinked macromolecular chains of the polymeric membrane material, and 

– desorption into the vapour phase at the permeate side.  

The separation effect of pervaporation is based on the different permeabilities of 

the compounds to be segregated and combines the influences of both sorption and 

diffusion (Trifunovic & Trägårdh 2005). There is a general assumption that the 

desorption step negligibly contributes to the separation. 

6.2 Resistance-in-series model 

The resistance-in-series model is based on the solution-diffusion model. It was 

first used in pervaporation studies by Coté and Lipski (1988). This model 

assumes that mass transfer to and through the membrane may be described by a 

series of resistance: the resistance in the feed side boundary layer, the resistance 

in the membrane, and the resistance in the permeate side boundary layer 

(Wijmans et al. 1996, Feng & Huang 1994, Trifunovic & Trägårdh 2005).  

The resistance in the boundary layer is influenced by the hydrodynamic 

conditions at the feed side and the system geometry while the membrane 

resistance is mainly determined by the membrane thickness and permeability. The 

latter resistance tends to be small enough to be ignored since a high vacuum is 

maintained on the permeate side.  

The resistance-in-series model considers several driving forces for the 

transport through the membrane: concentration and pressure or chemical potential 

gradient. Ghoreyshi et al. (2008) pointed out the advantage of considering the 

chemical potential gradient as the main driving force (Figure 13). The advantage 

was theoretically rationalised by the fact that the thermodynamic equilibrium at 

both liquid–membrane and vapor–membrane interfaces is well described by the 

equality in chemical potential of permeating component (rather than the equality 

of concentration).  
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Fig. 13. Schematic diagram of the resistance-in-series model with chemical potential 

as driving force. 

Several authors have incorporated the resistance-in-series model with the 

solution-diffusion to describe the mass transport in membrane pervaporation 

(Park et al. 2008, Trifunovic & Trägårdh 2005, Ghoreyshi et al. 2008, Pereira et 

al. 1998, Dotrémont 1994). 

The resistance-in-series model may be described as: 

 
, , ,

1 1 1
,

ov i bl i m iQ Q Q
= +  (12) 

where Qov,i, Qbl,i and Qm,i are the pressure-normalized permeation flux across the 

overall process, the pressure-normalized permeation flux across the liquid 

boundary layer and the pressure-normalized permeation flux across the membrane 

of the compound i, respectively. The derivation of the resistance-in-series 

equations in pervaporation are dealt with in detail in Subchapter 6.4 and in Papers 

II, III and V.  

When the resistance of the liquid boundary layer governs the pervaporation 

process, experimental variables such as system geometry, flow rate and 

temperature (because it affects the physical properties of the fluid and solutes) 

may be studied in depth for achieving the optimal conditions of the process. 
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When the resistance exhibited by the membrane limits the process, the feed 

concentration and temperature are optimised. 

This thesis contributes to the research area of mass transport through 

membranes with Papers II, III and V. The articles provide new data on the 

transport of VOCs through hydrophobic membranes to explain the pervaporation 

performance. Paper V provides an example of the evaluation of the impact of the 

individual resistances on the overall process resistance. The overall resistance and 

the resistance to the boundary layer were experimentally obtained and the 

membrane resistance was calculated by subtraction. 

In Papers II and III the overall resistance was calculated experimentally, the 

resistance to the boundary layer theoretically and the membrane resistance by 

subtraction. The resistance to the boundary layer was not confirmed 

experimentally. The equations used in the mass transfer analysis reported in Paper 

II, III and V combine the resistance-in-series with the solution-diffusion model. 

6.3 Mass transport in polymeric membranes 

The transport of compounds through polymeric membranes from the feed to the 

permeate side is described in terms of permeation fluxes and their corresponding 

driving forces. The pervaporation driving force may be expressed as a gradient of 

activity or partial pressure across the membrane. The flux of component i across 

the membrane may be written as: 

 , , ,( )i ov i i f i pJ Q p p= − , (13) 

where ,i fp  and ,i pp  are the partial vapour pressures of i in the feed and in the 

permeate, respectively. 

The partial pressure of i in the bulk of the feed is related to the concentration 

as expressed by the modified form of Raoult’s law: 

 , , ,o
i f i i f ip X pγ=  (14) 

where ,i fX  is the molar fraction of specie i at the feed side, γi is the activity 

coefficient in the feed mixture and o
ip  is the vapour pressure of the pure 

component i. 

When combining Eq. (13) and Eq. (14), the following equation is obtained: 

 , , ,( ).o
i ov i i i f i i pJ Q X p pγ= −  (15) 
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When the vacuum pressure in the permeate side is very low Eq. (15) may be 

transformed to: 

 , ,( ).o
i ov i i i f iJ Q X pγ=  (16) 

According to the resistance-in-series model the flux through all the mass transfer 

layers is equal at steady state, 

 , , , , , , , , ,( ) ( ) ( ).i ov i i f i p bl i i f i m m i i m i pJ Q p p Q p p Q p p= − = − = −  (17) 

Qov,i is related to Qbl,i and Qm,i by Eq. (12). However, the relationship is more 

conveniently expressed as: 
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in which Kbl is the mass transfer coefficient for the component i in the liquid 

boundary layer expressed as a concentration gradient (m s−1) and ,m fρ  is the 

molar density of the feed liquid (mol m−3) (Karlsson 1996 as quoted in Olsson & 

Trägårdh 1999). The term  

0

,

i i

m f

pγ
ρ

 

is the conversion factor from a concentration driving force (mol m−3) to a partial 

vapour pressure driving force (Pa).  

Eq. (16) and Eq. (18) allow the analysis of the mass transport of the 

compounds through the membrane and the evaluation of the contribution of the 

individual resistances to the transport. 
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7 Response surface methodology 

Response Surface Methodology (RSM) is a set of techniques based on the use of 

factorial planning. It was introduced in the 1950s and has been used since then 

with great success for the modelling of various industrial processes (Barros et al. 

1995 as quoted in Baptista Severo Júnior et al. 2007). RSM consists of an 

experimental strategy for exploring the behaviour of performance measures (or 

responses) as functions of experimental parameters (or factors) from a graphical 

perspective, called the response surface. RSM does not elucidate the mechanism 

of the processes studied. However, it may be used for creating empirical and 

statistical models to describe the response surface as well as for finding the values 

of the factors and their combinations which produce the desired responses. (Kincl 

et al. 2005, Montgomery 2001.) The main advantage of RSM is the reduced 

number of experiments needed for the analysis of the main effects and 

interactions between factors (Karacan et al. 2007). Therefore, the use of time, raw 

materials, costs of experimentation and natural resources decrease (Kincl et al. 

2005). 

The type and number of factors as well as the experimental region under 

study determine the choice of the experimental design used in RSM. When using 

RSM the experimenter initially specifies the factors, the responses and their 

specifications (units, type of factor and factor levels). Based on the experimental 

design, a design matrix that suggests the experiments to be conducted is created 

and the designated experiments are carried out. After evaluation by statistical 

methods, the collected data produce a model relating the changes in the factors to 

the changes in the responses. The model indicates which factors are important and 

how they combine to influencing the responses. The modelling results may also 

be converted into a response contour plot, which is used to determine optimal 

conditions. Finally, the experimenter conducts confirmation experiments and 

verifies the optimal design parameters settings. (Erikson et al. 2000, Montgomery 

& Myers 1995.) 

The models used in RSM are semi-empirical, based on observed data from 

the process and describe the confined response surfaces. Quadratic models are the 

models most often used (Eq. (19)). However, cubic or special cubic models may 

also be used (Eq. (20) and Eq. (21)). 
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A good model must fit the experimental data, predict new data and contain all the 

statistically significant terms needed for representing the investigated system 

mathematically. Polynomials with a small number of terms are most desirable. 

The models, however, only predict responses inside the region of experimentation. 

(Montgomery 2001, Montgomery & Myers 1995.) 

Although RSM was initially developed for the purpose of determining 

optimal operating conditions in the chemical industry, it is now used in various 

fields and applications in physical sciences and engineering as well as in 

biological, clinical and social sciences (Khuri 2001). RSM is applied for many 

types of industrial problems such as mapping a response surface of a particular 

region of interest and predicting changes in responses that will result from any 

readjustments of the experimental variables. Other examples of industrial 

applications are optimising responses and selecting operating conditions to 

achieve specifications or meet customer requirements. (Montgomery & Myers 

1995.) RSM is particularly useful in situations where a large number of variables 

influence the system feature. 

7.1 Mixture designs 

Sometimes factors under study are ingredients or components of a mixture, and 

responses are a function of the proportions not of the amount of each ingredient. 

Principally in these situations the design space is a simplex (a regularly sided 

figure) with as many vertices as factors and mixture designs are used. (Eriksson et 

al. 2000, Montgomery & Myers 1995.) Eriksson et al. (1998) published a tutorial 

article to introduce mixture designs from a practical point of view and to provide 

tools for the planning and evaluation of mixture design data. They concluded that 

an efficient experimentation with mixtures benefits from chemometric analysis 

tools and modelling philosophy.  

The key attribute of mixture designs is that the proportion of the ingredients 

must add up to one. Depending on the additional constraints, several designs are 

used for fitting standard models. When the mixture factors are subjected to this 

basic constraint only, standard mixture designs such as Simplex-Lattice designs 
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and Simplex-Centroid designs are used. When the mixture components are 

subjected to additional constraints, such as a maximum and/or minimum value for 

each component and the experimental region is still regular, constrained mixture 

or Extreme-Vertices designs are appropriate. (Voinovich et al. 2009.) 

It also happens that the factors of interest consist of process factors in 

addition to the mixture ingredients. The design region is then a combination of the 

mixture and the process variable space. As long as the experimental region is 

regular, the design will involve a mixture design at each treatment combination of 

the factorial experiment used for the process variables. Furthermore, when the 

experimental region is not a simplex due to the factor constraints, computer 

generated designs such as D-optimal designs are used. (NIST/SEMATECH 

e-Handbook of Statistical Methods 2006, Montgomery & Myers 1995.) 

7.1.1 D-optimal design 

The D-optimal design is a model-specific design generated by a computer and 

tailor-made for a specific problem. A candidate set is compiled taking the levels 

of the factor into consideration. The candidate set is a collection of treatment 

combinations from which the D-optimal algorithm creates the design. The 

D-optimal design maximises the information in the selected set of experimental 

runs with respect to a pre-specified model. This is equivalent to the maximisation 

of the determinant D = |ZTZ|, where Z is the design matrix of model terms (the 

columns) evaluated at specific treatments in the design space (the rows). 

Geometrically, this corresponds to laying out the mixture experiments in a way 

that as large an experimental region as possible is mapped well. A reference 

mixture is defined taking into account the levels of the formulation factor. The 

reference mixture plays an important role in the regression analysis because the 

regression coefficients are expressed in relation to its co-ordinates. (Voinovich et 

al. 2009, Eriksson et al. 1998, Montgomery & Myers 1995.) 

7.2 RSM in membrane technology 

Several studies have proven the usefulness of a statistical design in a variety of 

membrane research areas and applications: preparation and analysis of the 

performance of membranes (Ismail & Lai 2004, Idris et al. 2006, Xiangli et al. 

2008), separation by ultrafiltration (Badan Ribeiro et al. 2006, Landaburu-Aguirre 
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et al. 2009, Cojocaru & Zakrzewska-Trznadel, 2007) and membrane distillation 

(Khayet et al. 2007). 

Literature on the use of RSM in pervaporation is scarce. The majority of the 

authors apply RSM to analyse or optimise the effects of experimental variables on 

pervaporation performance (Hyder et al. 2009, Cojocaru et al. 2009, Khayet et al. 

2008). Xiangli et al. (2008) explore the use of RSM when preparing membranes. 

The reported studies use traditional statistical designs: full factorial design 

(Cojocaru et al. 2009), central composite design (Khayet et al. 2008, Xiangli et al. 

2008) and central composite rotable design (Hyder et al. 2009). 

The existing literature in the field on the use of RSM in pervaporation 

indicates that this process needs additional approaches of RSM and experimental 

design for optimisation and investigation of the effects of factors. 

This work contributes to this research area through Paper IV. It explores the 

use of D-optimal mixture design in the dehydration of mixtures using special 

mixture design. Further, RSM is used to study the effect of experimental variables, 

to obtain semi empirical models describing the process and to optimise the 

pervaporation process. 
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8 Experimental research for the reclamation of 
n-butanol and dichloromethane from 
aqueous mixtures containing sodium 
chloride 

8.1 Materials 

8.1.1 Feed solutions 

The model aqueous solutions studies in this work contained n-butanol, 

dichloromethane and/or sodium chloride. All the aqueous solutions were prepared 

with Milli-Q water. Some properties of the target VOCs, n-butanol and 

dichloromethane, together with water, are listed in Table 12 and Table 13. 

Table 12. General properties of water and the VOCs under study. 

Compound Molecular 

Formula 

BP 

(°C) 

Dipole 

Momentum (D) 

MW 

(gmol−1) 

Solubility in water 

at 20 °C 

(wt%) 

∆Hv a 

(kJmol−1) 

Dichloromethane CH2Cl2 40 1.60 84.94 1.32 28.50 

n-butanol C4H10O 117 1.66 74.12 7.70 50.38 

Water H2O 100 1.85 18  45.83 
aThe values of the enthalpy of vaporization (∆Hv) were estimated with the Riedel equation at boiling 

temperature and then corrected to the average temperature of the range studied by the Watson method 

(Yaws 1992). 

Table 13. General properties of water and the VOCs under study (cont.). 

Compound ρ 

(10−3kgm−3) 

p0
i at 40 °C 

(kPa) 

Vm,i 

(cm3mol−1) 

δd 

(MPa1/2) 

δp  

(MPa1/2) 

δh 

(MPa1/2) 

Dichloromethane 1.33 102.54 50.60 18.2 6.3 6.1 

n-butanol 0.81 2.47 102 16 5.7 15.8 

Water 1 7.39 18.70 15.5 16.0 42.4 

The equilibrium vapour pressures pi
o were estimated by Aspen Plus 2004.1 using UNIQUAC as the 

activity coefficient property method. The liquid molar volume, Vm,i, was estimated by the Tyn and Calus 

method (Reid et al. 1987) and Vetere’s relationship (Perry 2001). Solubility parameters (dispersion 

cohesion parameter (δd), polar cohesion parameter (δp), hydrogen bonding cohesion parameter (δh)) were 

obtained from literature (Barton 1983). 
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8.1.2 Pervaporation membranes 

In the pervaporation experiments conducted for this thesis, hydrophilic or 

hydrophobic membranes were used. The type of membrane was selected based on 

the purpose of the separation process.  

In total, three different flat pervaporation membranes were used: hydrophobic 

membranes CMX-GF-010-D (CELFA AG, Switzerland) and PERTHESE® 500-1 

(Perouse Plastie, France), and hydrophilic membrane PVA-TiO2/PAN/PPS (GKSS, 

Germany). A SEM picture of the PVA-TiO2/PAN/PPS membrane is shown in 

Paper IV. 

CMX-GF-010-D (Celfa) is a composite membrane with an active layer 

thickness of 0.01 mm, made of polysiloxane polymer. It allows applications up to 

80 °C. PERTHESE® 500-1 (P 500-1) is a dense membrane of 0.125 mm made 

from a silicone elastomer, which is made of dimethyl and methyl vinyl siloxane 

copolymers. PVA-TiO2/PAN/PPS is a composite membrane consisting of three 

different layers: a dense selective top layer of about 1 µm made of PVA and TiO2, 

a supporting micro porous middle layer of PAN, and a third mechanical support 

layer of PPS. Nanoparticles of TiO2 were included to add stability to the 

membrane. 

In this thesis, pervaporation of feed solutions through Celfa and P 500-1, and 

Celfa are reported in Papers II and III, respectively. Paper IV describes the 

pervaporation of feed solutions using the PVA-TiO2/PAN/PPS membrane. 

8.2 Methods 

8.2.1 Pervaporation equipment 

The pervaporation experiments were conducted using a cross-flow laboratory 

scale membrane unit (Figure 14 model P28, CELFA AG, Switzerland). The feed 

tank had a capacity of 500 ml and kept solutions at constant temperature by 

means of a thermostatic unit (LAUDA, Ecoline Staredition E 103). The gear 

pump circulated solutions from the feed tank through the pervaporation unit at a 

flow rate which was monitored by a flow meter.  

The flat-sheet membrane cell was characterised by a diameter and an 

effective area of 75 mm and 2.8 × 10−3 m2, respectively. Additionally, the 

membrane cell contained a meander-type flow channel for optimum distribution 

of the mixture to be separated. The downstream side pressure was maintained 
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using a rotary-vane vacuum pump (Varian, DS 302). Cold traps submerged in 

liquid nitrogen collected the permeate alternatively by means of 3-way valves. 

  

Fig. 14. Schematic diagram of the pervaporation unit (Paper III © 2009 Elsevier). 

8.2.2 Pervaporation experiments 

The tests were performed at a feed flow rate of 3 dm3 min−1 (Reynolds number of 

about 26 000), in order to avoid the influence of the concentration polarisation 

phenomenon. The temperature polarisation phenomenon was negligible during 

the experiments because permeate fluxes through the membranes were relatively 

small and the cell was thermally isolated. Permeate and feed samples were taken 

at regular intervals. When carrying out replicates for the experiments for this 

thesis, an experimental error of 10% or less was accepted. Results with higher 

variation were considered as outliers and discarded. 

Experiments using the organophilic Celfa and P 500-1 membranes 
(Papers II and III) 

These experiments correspond to the first part of the approach introduced in 

Chapter 3.3 (Figure 7). The experiments were conducted to separate n-butanol 

and dichloromethane from an aqueous solution containing sodium chloride.  

The study of the separation of n-butanol and dichloromethane from the 

quaternary system n-butanol/dichloromethane/sodium chloride/water by 

Thermostate

Thermometer

Flowmeter

Pressure gauge

Circulating pump

Pressure gauge

Membrane cell

Vacuum pump

Cold trap

Feed tank



 82

pervaporation was conducted as a subsequent study of the pervaporation of binary, 

ternary and quaternary mixtures. 

The work was planned using the one variable at a time approach (OVAT) to 

investigate the effect of several experimental variables (membrane choice, feed 

temperature and n-butanol (Cb), dichloromethane (CDCM), and sodium chloride 

feed concentration (Csodium chloride)). With this method the effect of each factor is 

investigated by altering the level of one factor while maintaining the levels of the 

other factors. 

The feed temperature range was selected according to the membrane 

tolerance and the feed concentration range was chosen according to the 

concentration of VOCs typically found in wastewaters. The experiments are listed 

in Table 14.  

The hydrophobic membranes were conditioned by permeating feed samples 

until a steady state was attained (after one hour). In the case of the Celfa 

membrane, steady state conditions were assumed to have been reached when 

partial fluxes varied by less than 5% of the mean value over a minimum of 1 h. In 

the case of P 500-1, the low flux through the membrane prevented evaluation of 

the steady state through the collection of permeate in a short period of time. 

However, the variation in feed composition was found to be negligible after 1 h 

and hence a steady state was considered to be achieved after that time. 

Pure water experiments were performed as a reference to assess the 

membrane’s behaviour in contact with different mixtures under study. Water 

experiments were also randomly conducted throughout the series of experiments 

to check the integrity and long-term stability of the membrane.  
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Table 14. Series of experiments using Celfa and P 500-1 membranes. 

Systems under study Experimental conditions Original 

papers Temperature (°C) Feed concentration (wt%) 

Cb CDCM Csodium chloride 

Single systems      

Water      

P 500-1 and Celfa 22, 30 and 40 − − − II–III 

Binary systems      

n-butanol/water      

P 500-1 and Celfa 22, 30 and 40 0.2 − − II 

 40 0–1.4 − −  

Dichloromethane/water      

Celfa 22, 30 and 40 − 0.5 − III 

 40 − 0–1.5 −  

Ternary systems      

n-butanol/dichloromethane/water 

Celfa 22, 30 and 40 0.2 0.5 − III 

 40 0–1 0.5 −  

 40 0.2 0–2 −  

n-butanol/sodium chloride/water 

P 500-1 and Celfa 22, 30 and 40 0.2  0.2 II 

 40 0.2  0–0.9  

Dichloromethane/sodium chloride/water 

Celfa 22, 30 and 40 − 0.5 0.2 III 

 40 − 0.5 0–0.9  

Quaternary system      

n-butanol/dichloromethane/sodium chloride/water 

Celfa 22, 30 and 40 0.2 0.5 0.2 III 

 40 0.2 0.5 0–0.9  

Experiments using the hydrophilic PVA-TiO2/PAN/PPS membrane 
(Paper IV) 

These experiments correspond to the second part of the approach introduced in 

Chapter 3.3 (Figure 7). The experiments were conducted to remove water from 

n-butanol and dichloromethane mixtures. 

The experimental runs were designed according to the D-optimal mixture 

design using MODDE 8.0 software (Umetrics). The effects of the following four 

factors on the efficiency of the pervaporation process was studied: the 
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quantitative factor, feed temperature (T), and the formulation factors; initial feed 

water concentration (Cw), initial feed dichloromethane concentration (CDCM) and 

initial feed n-butanol concentration (Cb). The interaction between the effects of 

the different factors was also considered. 

The range of the factors was based on preliminary trials, the tolerance of the 

membrane and the homogeneity of the feed solution. The formulation factors 

varied between 5 wt% < Cw < 20 wt, 5 wt% < CDCM < 45 wt% and 50 wt% < Cb 

< 90 wt%. Temperature levels were 30 and 50 °C. The experiments chosen from 

the candidate set are listed in Table 15. 

The hydrophilic membrane did not need any pre-treatment as the membrane 

did not swell. However, the feed sample was recirculated through the system for 

one hour in order to let the unit stabilise to the specific experimental conditions. 

Table 15. D-optimal design arrangements for the removal of water from the 

water/dichloromethane/n-butanol system by pervaporation. 

Experiment number Factors 

T 

(°C) 

Cw 

(wt%) 

CDCM 

(wt%) 

Cb 

(wt%) 

N1 30 4.96 4.88 90.16 

N2 30 5.84 42.31 51.86 

N3 30 17.62 4.73 77.65 

N4 30 10.17 4.52 85.31 

N5 30 5.05 29.61 65.34 

N6 30 12.53 16.94 70.53 

N7 50 5.18 42.46 52.36 

N8 50 4.99 4.68 90.33 

N9 50 17.73 4.61 77.66 

N10 50 9.74 4.66 85.59 

N11 50 14.20 4.71 81.09 

N12 50 4.10 17.19 78.71 

N13 50 9.06 27.41 63.53 

N14 40 10.00 16.01 73.99 

N15 40 10.08 18.38 71.53 

N16 40 9.76 18.69 71.54 

N17 40 10.34 18.67 70.97 

N18 40 10.14 18.94 70.91 

N19 40 9.91 18.55 71.54 

N20 50 14.23 4.28 81.49 

N21 30 4.69 4.72 90.59 
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8.2.3 Analytical methods 

In this thesis, several analytical methods were used for the quantification of feed 

and permeate samples. The permeate samples were, as needed, dissolved in a 

specific amount of deionised water. 

The concentration of VOCs in the samples collected during the tests reported 

in Papers II and III was determined by using a gas chromatograph (GC) (Agilent, 

6890N) equipped with a flame ionization detector (FID). The chemical analyses 

conducted in the tests described in Paper IV used a different methodology for the 

feed and permeate samples: a GC equipped with a thermal conductivity detector 

(TCD) and GC-FID, respectively. 

In the GC-FID analysis the column utilised was a capillary Agilent 123-9134 

DB-ALC1. The initial oven temperature was 40 °C for 2 minutes. The 

temperature was further increased to 120 °C at a rate of 50 °C min−1 with a final 

holding period of 2 minutes. Ethanol was used as the internal standard when 

carrying out GC-FID analyses. 

In the GC-TCD analysis the column used was a packed Agilent Porapak Q 

6Ft. The temperature was programmed at 200 °C and was maintained for 

7 minutes. In both analyses each concentration determination was based on three 

different sample injections. Additionally, the following operating conditions were 

the same: 250 °C as inlet and detector temperatures, a constant pressure mode 

with helium as the carrier gas, column pressure of 10.90 psi at 55 °C and a 10:1 

split ratio. 

The concentration of sodium chloride in the feed and permeate samples 

(Paper II and III) was determined by analysing the amount of sodium by atomic 

absorption spectroscopy (AAS) using a Perkin Elmer Aanalyst 4100 apparatus. 

Samples were atomised in an air/acetylene flame at about 2300 °C. The analyses 

were carried out with a hollow cathode lamp Na/K at 589.0 nm. 

8.2.4 Process performance 

The pervaporation process performance depends on experimental variables, the 

chemical nature of the permeating molecules, the physicochemical properties of 

the feed mixtures and interactions between the permeating molecules, and 

between the membrane polymers and the permeating molecules. 

The performance is described by the fluxes through the membrane and the 

effectiveness of the process to separate the feed mixture. Flux (J) represents the 
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rate of permeation of feed components per unit of area and time. The fluxes 

through the membrane are given as the total flux of all components or separated 

into partial fluxes of the different components of the mixture. It is defined as 

J = m/∆t × A, where m is the amount of compounds collected in the permeate 

during the experimental time interval Δt and A is the effective membrane area. 

The separation performance is given by the enrichment factor (β). It is 

determined by the expression β = y1/x1, where x1 and y1 are the weight fraction of 

the minor compound in the feed and permeate, respectively. 

In the summary of this work, the findings reported in Papers II and III are 

discussed according to the partial fluxes Ji and the enrichment factor towards 

n-butanol and dichloromethane. The outcome of the experiments described in 

Paper IV is examined according to the water flux through the membrane (Jw) and 

the enrichment factor towards water (βw).  
 



 87

9 Pervaporation of n-butanol and 
dichloromethane from aqueous systems 
containing sodium chloride using 
hydrophobic membranes 

9.1 Influence of temperature on the pervaporation performance 

The pervaporation driving force is enhanced by the increase of temperature since 

the vapour pressure, and hence the chemical potential, increases with temperature. 

The effect of temperature on membrane permeation depends on the impact of 

temperature on the sorption of the species and their diffusion through the 

membrane. Diffusion is favoured because of the greater kinetic energy of the 

penetrating compounds and the larger available free volume to permeate through 

(Pereira et al. 2006). On the other hand, sorption is an exothermic process, i.e. 

sorption of compounds in the membrane decreases with increasing temperature 

(Feng & Huang 1996). 

Temperature may have a different impact on the performance of the 

pervaporation process. The effect of temperature on partial fluxes is generally 

positive. The viscosity of the feed liquid decreases with temperature due to 

weakened cohesive forces between the molecules in the liquid (Barton 1983) 

therefore facilitating the mass transfer. On the other hand, the temperature effect 

on the separation factor towards compounds will depend on the temperature 

impact on the sorption of the species in the membrane and the relative changes in 

their diffusion coefficient. 

The overall temperature influence level on the pervaporation performance is 

better understood and explained through the analysis of the apparent activation 

energy ( ,a iE ) and the permeation activation energy (Ep,i). A higher value of ,a iE  

implies a more sensitive behaviour towards temperature alterations. ,a iE is 

calculated from the slope of Ln J versus 1/RT plot of the Arrhenius equation: 

 Ji = Jo,i exp(−Ea,i/RT), (22) 

where Jo,i is the pre-exponential factor in the case of permeate total flux, R the 

universal gas constant and T the temperature in Kelvin. 

Ep is the energy required to transport liquid species across the barrier 

membrane (Feng & Huang 1996). Kujawski et al. (2007) has calculated Ep from 

the slope of Ln (J/Δp) versus 1/RT from the equation 
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Eq. (23) and Eq. (24) show that not only the flux but also the permeability (Pi) 

and the pervaporation driving force (Δp) are temperature dependent. Alternatively, 

Ep may be determined by subtracting the molar enthalpy of vaporization (ΔHV) 

from the apparent activation energy when the downstream side permeate pressure 

is sufficiently low as compared to the vapour pressure over the feed liquid 

(Wijmans & Baker 1993)  

 Ep,i = Ea,i − ΔHV,i. (25) 

The method Kujawski et al. (2007) used is more accurate. However, in this study 

the author encountered difficulties when calculating the driving force for the 

pervaporation of the feed components when the systems contained the electrolyte. 

Consequently, in this thesis, Eq. (25) was used for obtaining the Ep values. Ea and 

Ep for the transport of water, dichloromethane and n-butanol in binary, ternary and 

quaternary systems, and pure water through the Celfa membrane are shown in 

Table 16. Ea and Ep for the transport of water and n-butanol in binary and ternary 

systems, and pure water through the P 500-1 membrane are shown in Table 17. 



 89

Table 16. Apparent activation energy (Ea) and permeation activation energy (Ep) for the 

transport of water, dichloromethane and n-butanol, in binary, ternary and quaternary 

systems, and pure water through Celfa membrane.  

Systems under study Dichloromethane flux n-Butanol flux Water flux 

Ea 

(kJmol−1)a 

Ep 

(kJmol−1) 

Ea 

(kJmol−1)a 

Ep 

(kJmol−1) 

Ea 

(kJmol−1)a 

Ep 

(kJmol−1) 

Water     37.4 ± 2.7 −8.4 ± 0.6 

n-Butanol/water   58.68 ± 1.6 8.3 ± 0.2 42.1 ± 0.9 −3.7 ± 0.01 

Dichloromethane/ 

water 

51.1 ± 2.6 22.6 ± 1.1   40.3 ± 0.6 −5.6 ± 0.1 

n-Butanol/ 

dichloromethane/ 

water 

48.9 ± 2.9 20.4 ± 1.2 53.1 ± 3.7 2.7 ± 0.2 40.1 ± 0.3 −5.8 ± 0.04 

n-Butanol/ 

sodium chloride/ 

water 

  53.2 ± 0.4 2.9 ± 0.02 40.3 ± 0.4 −5.5 ± 0.1 

Dichloromethane/ 

sodium chloride/ 

water 

48.6 ± 2.6 20.1 ± 1.1   40.8 ± 0.3 −5.1 ± 0.04 

n-Butanol/ 

dichloromethane/ 

sodium chloride/ 

water  

51.3 ± 6.7 22.8 ± 3.0 55.6 ± 5.1 5.2 ± 0.5 43.5 ± 3.3 −2.4 ± 0.2 

a Errors are calculated from the slope of Ln J vs 1/RT and a product of multiple independent 

measurements. 

Table 17. Apparent activation energy (Ea) and permeation activation energy (Ep) for the 

transport of water and n-butanol, in binary and ternary systems, and pure water 

through the P 500-1 membrane.  

Systems under study n-Butanol flux  Water flux 

Ea 

(kJ mol−1)a 

Ep 

(kJ mol−1) 

 Ea 

(kJ mol−1)a 

Ep 

(kJ mol−1) 

Water    51.2 ± 4.2 5.4 ± 0.4 

n-Butanol/water 40.6 ± 9.3 −9.8 ± 2.3  32.2 ± 0.4 −13.6 ± 0.2 

n-Butanol/sodium chloride/water 45.3 ± 4.7 −5.1 ± 0.5  33.4 ± 2.5 −12.5 ± 0.9 
a Errors are calculated from the slope of Ln J vs 1/RT and a product of multiple independent 

measurements.  
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9.1.1 Pervaporation of n-butanol using the Celfa and P 500-1 
membranes 

As reported in Paper II, pervaporation of n-butanol from water using the Celfa 

and P 500-1 membranes benefited from an increase in temperature. This is also 

illustrated in Figure 15.  

 

Fig. 15. Effect of feed temperature on water and n-butanol fluxes and the enrichment 

factor towards n-butanol for the binary n-butanol/water system of 0.2 wt% n-butanol 

using a) Celfa and b) P 500-1 membranes. 

The fluxes of water and n-butanol were both promoted by an increase in 

temperature. The increase was more pronounced for the fluxes through the Celfa 

membrane than through the P 500-1 membrane. The enhancement was 3.96 and 

2.68 for the fluxes of n-butanol and water through the Celfa membrane and 2.57 

and 2.13 for n-butanol and water fluxes through the P 500-1 membrane. Table 16 

and Table 17 indicate that the Ea values are lower for water than for n-butanol. 

Consequently, as observed experimentally, the degree of the influence of 

temperature on fluxes was more pronounced for n-butanol than for water.  

The higher increase in n-butanol flux compared to the increase in water flux 

caused the enrichment factor to be positively affected by the rise in temperature. 

The positive influence of temperature on the enrichment factor has not been 

commonly observed. The permeate usually becomes less concentrated in the 

minor compound when the temperature increases and therefore decreases the 

enrichment factor. It is expected that the solvent which has a much smaller 

molecular volume would diffuse easier through the membrane at high 

temperatures. The concentration of n-butanol obtained in the permeate at 40 °C 
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reached the values of 6.27 wt% and 9.20 wt% when using the Celfa and P 500-1 

membranes, respectively.  

Regarding the permeation of the components through the Celfa membrane, 

the Ep values for water are negative, so the permeation of water decreased with 

the temperature increase. Opposite observations were made for the permeation of 

n-butanol through the same membrane. 

The permeation of the compounds through P-500-1 exhibited different 

behaviour. The permeation of both compounds through the membrane decreased 

with an increase in temperature as the Ep values for n-butanol and water are both 

negative. Liu et al. (2005a) and Fouad & Peng (2009) also obtained negative Ep 

values for the permeation of n-butanol through PEBA 2533 and Pervap 1070, 

respectively. 

The fact that the permeate fluxes of n-butanol and water through P 500-1 and 

water through Celfa increased with temperature when the Ep values are negative 

indicates that the effect of temperature was greater on the driving force than on 

the permeation of those components. Comparing the Ep values of the components 

calculated for both membranes, it is noticeable that more energy is needed for 

permeating water and n-butanol through P 500-1 than through the Celfa 

membrane. This might be caused by P 500-1 being thicker than Celfa. 

As observed in Figure 15 both membranes, Celfa and P 500-1, exhibit similar 

behaviours when temperature is altered. However, Table 16 and Table 17 show 

that the experimental data collected are submitted to significantly higher errors 

than when using P 500-1. Consequently, the experimental plan was modified to 

conduct the following pervaporation studies using only the Celfa membrane 

(Paper III). 

9.1.2 Pervaporation of dichloromethane using the Celfa membrane 

Pervaporation of the binary dichloromethane/water system at different 

temperatures is reported in Paper III. Figure 16 shows the effect of temperature on 

the pervaporation of the binary system. 
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Fig. 16. Effect of feed temperature on water and dichloromethane fluxes through the 

Celfa membrane and the enrichment factor towards dichloromethane for the binary 

dichloromethane/water system of 0.5 wt% dichloromethane (Paper III © 2009 Elsevier). 

As illustrated above, the fluxes of dichloromethane through the Celfa membrane 

are enhanced when temperature increases. The influence on the fluxes was more 

pronounced for dichloromethane than water; an improvement of 3.30 and 2.57, 

respectively, compared to the initial flux. Even though the dichloromethane 

concentration in the permeate also increased, the enrichment factor was not 

significantly altered. The concentration of dichloromethane obtained in the 

permeate at 40 °C reached the value of 7.33 wt%. An increase in the compound’s 

flux and minor changes in the enrichment factor with temperature were also 

observed by Badout & Marin (1996). 

As indicated in Table 16, the value of Ea, DCM is higher than Ea, water. 

Consequently, the flux of dichloromethane was more responsive towards 

temperature than water. The permeation of dichloromethane, contrary to the water 

permeation, is also favoured when increasing temperature (Ep, DCM > 0 and 

Ep water < 0). The values of Ep, DCM obtained in this work are close to those reported 

by Ohshima et al. (2006) for the pervaporation of chloroform from water through 

a crosslinked PDMS dimethylmethacrylate membrane. 
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9.1.3 Simultaneous pervaporation of n-butanol and dichloromethane 
using the Celfa membrane 

The simultaneous removal of both organic solvents was conducted using the 

Celfa membrane and is reported in Paper III. Figure 17 shows the effect of 

temperature on the pervaporation of the ternary system. 

Fig. 17. Effect of feed temperature on water, n-butanol and dichloromethane fluxes 

through the Celfa membrane and the enrichment factor towards dichloromethane and 

n-butanol for the ternary dichloromethane/n-butanol/water system of 0.5 wt% 

dichloromethane and 0.2 wt% n-butanol (Paper III © 2009 Elsevier). 

When dichloromethane and n-butanol were simultaneously present in the mixture, 

partial fluxes of mixture components were enhanced by increasing temperature 

according to their liquid molar volume. Further, the Ea values indicate that the 

n-butanol fluxes through the Celfa membrane, and the dichloromethane fluxes to 

a lesser extent, were more responsive towards temperature than the water fluxes.  

The permeation of the organic components through the Celfa membrane is 

promoted by temperature. The flux of dichloromethane is the most influenced by 

temperature (EpDCM > Epn-butanol > Ep water). On the contrary, the permeation of 

water is inhibited (Ep water < 0). The different permeation behaviour of n-butanol, 

dichloromethane and water is due to the differences in molecular size and 

affinities between the membrane and the components. 

As pointed out in Paper III, it was experimentally observed that fluxes of 

n-butanol increased the most with an increase in temperature in spite of the 

permeation of dichloromethane being the most permeation promoted by 
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temperature. This is due to the fact that temperature had more effect on the 

pervaporation driving force than on the permeation of the mixture. This also 

showed the convenience of analysing the effect of temperature on membrane 

permeation by Ep rather than Ea as many authors did, according to the literature. 

In case of water flux through the membrane, temperature had more effect on the 

driving force than on the permeation. 

The concentration of VOCs in the permeate increased with temperature, most 

probably because of the water permeation decreasing and the VOCs permeation 

increasing with temperature. This effect was more pronounced for n-butanol than 

for dichloromethane, which is in accordance with their Ea values. The 

concentration of n-butanol and dichloromethane in the permeate at 40 °C, at a 

feed concentration of 0.2 wt% and 0.5 wt%, respectively, reached the values of 

6.45 wt% and 6.90 wt%, respectively.  

9.2 Influence of feed concentration on the pervaporation 

performance 

An increase in feed VOCs concentration causes a rise in activity and partial 

pressure. Consequently, the pervaporation driving force for the permeation of 

VOCs through the membrane is enhanced.  

The pervaporation properties may be affected by the presence of another 

VOCs, called the coupling phenomenon, and by the swelling of the membrane. 

Coupling effects are created by the interactions between individual components 

and the polymeric membrane materials together with the mutual interactions 

between the permeants in the membrane. The outcome may be beneficial or 

detrimental. Coupling effects may occur in the sorption of the compounds as well 

as during the diffusion through the membrane. 

In order to discuss the influence of the presence of the VOCs on the flux of 

water through the membranes and allow evaluating the extent of the membrane 

swelling, the pure water flux through both membranes was measured at 40 °C. 

The flux of water through the Celfa membrane was 58.9 × 10−6 

± 7.2 × 10−6kg m−2s−1 and 4.90 × 10−6 ± 1.02 × 10−6 kg m−2s−1 through the P 500-1 

membrane.  
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9.2.1 Pervaporation of n-butanol using the Celfa and P 500-1 
membranes 

The results reported in Paper II concluded that the n-butanol fluxes through the 

Celfa and P 500-1 membranes increased linearly with the driving force. This 

indicated a constant permeance of n-butanol in the concentration range studied. 

Figure 18 illustrates the effect of n-butanol feed concentration on the 

pervaporation performance through the Celfa and P 500-1 membranes. 

 

Fig. 18. Effect of feed n-butanol concentration on water and n-butanol fluxes, and the 

enrichment factor towards n-butanol for the binary n-butanol/water system at 40 °C 

through a) Celfa membrane and b) P 500-1 membrane. 

The experiments also showed that as the concentration of n-butanol in the mixture 

increased, the water flux through the Celfa and P 500-1 membranes remained 

constant instead of decreasing. In other words, the presence of n-butanol caused 

the swelling of both membranes. Water permeation was probably enhanced due to 

hydrogen bonding between n-butanol and water, or by drag effects causing the 

water flux to remain constant. The same behaviour was observed by Fouad & 

Feng (2008) when permeating model n-butanol/water solutions through a PEBA 

2533 membrane. Srinivasan et al. (2007) observed the swelling of the PVDF 

membrane, but in their study water flux increases with the n-butanol feed 

concentration. 

The promotion of the water fluxes produced a decrease of the enrichment 

values exhibited by the membranes towards the organic solvent. An increase in 

n-butanol fluxes and a decrease in the enrichment factor with increasing feed 

concentration were also observed by Fadeev et al. (2001). 

As observed in Figure 18 both membranes present similar trends when 

altering the feed concentration. Regardless of the strong preferential sorption of 

n-butanol, both membranes were more permeable towards water than towards the 
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organic solvent. This may be due to the higher mobility of water together with its 

high feed concentration compared to the VOC. The drag effect might also 

contribute to the high water fluxes. 

The results presented in Paper II concluded that the Celfa membrane 

presented higher fluxes but was less selective towards n-butanol than P 500-1. At 

similar experimental conditions, i.e. n-butanol feed concentration of about 0.50 wt% 

and 40 °C, the flux obtained through P 500-1 and Celfa was 1.58 × 10−6 kg m−2s−1 

and 11.47 × 10−6 kg m−2s−1, respectively. The enrichment factor towards n-butanol 

exhibited by P 500-1 and Celfa was 51 and 35, respectively. 

9.2.2 Pervaporation of dichloromethane using the Celfa membrane 

The results described in Paper III concluded that the dichloromethane fluxes 

through the Celfa membrane increased linearly with the driving force, indicating 

constant permeance of dichloromethane in the concentration range studied. Figure 

19 shows the effect of dichloromethane feed concentration on the pervaporation 

performance of the dichloromethane/water binary system. When increasing the 

VOC feed concentration from 0.1 to 1.5 wt%, the dichloromethane flux was 

enhanced up to seventeen times.  

Fig. 19. Effect of feed dichloromethane concentration on water and dichloromethane 

fluxes through the Celfa membrane, and the enrichment factor towards 

dichloromethane for the binary dichloromethane/water system at 40 °C (Paper III 

© 2009 Elsevier). 

The water flux showed an opposite trend to the dichloromethane feed 

concentration. An increase in dichloromethane concentration from 0.1 to 1.5 wt% 
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caused a water flux decrease of up to 15%. As more dichloromethane was 

permeated, the hydrophobic properties of the membrane might have been 

enhanced, hence reducing the water flux. Therefore, the increased 

dichloromethane permeation caused the repulsion of water molecules. 

The flux decline of water when the flux of dichloromethane increased also 

indicated non-swelling of the membrane. The dependence of water flux on 

dichloromethane concentration was also observed by Yamaguchi et al. (2001) 

when pervaporating dichloromethane/water mixtures through a hollow-fiber-type 

LA-grafted membrane. 

The obtained results also showed the negligible effect of the feed 

concentration on the enrichment factor towards dichloromethane. This was a 

consequence of the permeate enriched in dichloromethane being relative to the 

increase in dichloromethane concentration in the feed. During the conduction of 

the experiments, the maximum concentration of dichloromethane obtained in the 

permeate was 22.6 wt% which corresponded to a feed concentration of 1.47 wt%. 

9.2.3 Simultaneous pervaporation of n-butanol and dichloromethane 
using the Celfa membrane  

The experimental results reported in Paper III suggest that the VOCs fluxes 

through Celfa increased linearly with the driving force, indicating constant 

permeance of n-butanol and dichloromethane in the concentration range studied 

(Figure 20). 

Fig. 20. Effect of feed concentration on the fluxes of a) dichloromethane at a n-butanol 

feed concentration of 0.2 wt% and b) n-butanol at a dichloromethane feed 

concentration of 0.5 wt% through the Celfa membrane at 40 °C for the 

dichloromethane/ n-butanol/water system. 
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The occurrence of the coupling phenomenon between dichloromethane and 

n-butanol was examined at different feed concentrations and a fixed temperature 

(Figure 21 and Figure 22). In order to get a comprehensive view of the 

interferences occurring, the feed concentration of one of the VOCs remained 

constant while the concentration of the other was altered in each experiment. The 

water feed concentration was reduced proportionally with the increase of VOC 

concentration. 

Fig. 21. Effect of the presence of n-butanol on dichloromethane and water flux through 

the Celfa membrane and enrichment factor towards dichloromethane for the 

dichloromethane/n-butanol/water system of 0.5 wt% dichloromethane at 40 °C 

(Paper III © 2009 Elsevier). 
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Fig. 22. Effect of feed dichloromethane concentration on n-butanol and water fluxes 

and the enrichment factor towards n-butanol for the ternary dichloromethane/ 

n-butanol/water system of 0.2 wt% n-butanol at 40 °C. 

As pointed out in Paper III, the simultaneous presence of both organic solvents 

did not affect their partial fluxes through the Celfa membrane, indicating a lack of 

coupling effect. Dotrémont (1994) also reported no coupling effects in the 

pervaporation of water, chloroform and isopropanol through a PDMS membrane. 

As a result, the equation based on the solution-diffusion and resistance-in-series 

models was used for the description of the fluxes of dichloromethane, n-butanol 

and water. 

The presence of n-butanol affected the pervaporation performance, as it 

caused a modest swelling of the membrane at high n-butanol feed concentrations 

(Figure 21). As a consequence of the membrane swelling, the enrichment factors 

towards dichloromethane decreased with increased n-butanol feed concentration. 

The swelling of the membrane caused by the n-butanol may be explained by the 

relatively large liquid molar volume of n-butanol. 

The results presented in Paper III indicated that the Celfa membrane was 

more efficient in terms of higher flux and enrichment factor for the separation of 

n-butanol than or dichloromethane. At the same VOCs concentration of 0.171 

wt%, the fluxes and enrichment factors obtained were 1.79 × 10−6 kg m−2s−1 and 

15, respectively for dichloromethane and 3.54 × 10−6 kg m−2s−1 and 36, 

respectively for n-butanol. This effect may be caused by a combination of the 

polarity and the shape and size of the compounds. Dichloromethane is heavier 

and more bulky than n-butanol, producing a reduction in its permeation 
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coefficient. Interaction inside the membrane between individual components and 

the polymer might also inhibit the permeation of dichloromethane, which is the 

less polar component. Dotrémont (1994), however, observed higher affinity 

towards halogenated hydrocarbon than to alcohol in the pervaporation of water, 

chloroform and isopropanol through a PDMS membrane. Further, the 

concentration of VOCs observed in the permeate at the latter experimental 

conditions, a total VOCs concentration of 12.67 wt%, showed that a single step of 

pervaporation was not able to concentrate the VOC sufficiently for re-use. 

9.3 Effect of the presence of sodium chloride on the pervaporation 
performance of the Celfa and P 500-1 membranes 

Different amounts of sodium chloride were added to the binary (n-butanol/water 

and dichloromethane/water) and ternary (n-butanol/dichloromethane/water) 

mixtures. The pervaporation of the new mixtures through the Celfa and P 500-1 

membranes was also conducted at a fixed VOCs concentration and at different 

temperatures. The results obtained are reported in Papers II and III. 

Preliminary tests were conducted to check the permeability of the Celfa and 

P 500-1 towards electrolytes by permeating cadmium chloride/water mixtures. 

When analysing the permeate, the electrolyte could not be detected by AAS at 

ppb levels. Therefore, the membranes were not permeable to salts.  

Temperature had the same impact on the permeation of the compounds 

through the Celfa and the P 500-1 membranes regardless of the presence of the 

electrolyte. This is illustrated in Figure 23–26 in which the effect of temperature 

on the pervaporation properties is compared with and without the presence of the 

electrolyte in the system. 
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Fig. 23. Effect of feed temperature on water and n-butanol fluxes through the Celfa 

membrane and the enrichment factor towards n-butanol for the a) binary 

n-butanol/water system of 0.2 wt% n-butanol and b) ternary n-butanol/sodium 

chloride/water of 0.2 wt% n-butanol and 0.2 wt% chloride. 

 

Fig. 24. Effect of feed temperature on water and n-butanol fluxes through the P 500-1 

membrane and the enrichment factor towards n-butanol for the a) binary 

n-butanol/water system of 0.2 wt% n-butanol and b) ternary n-butanol/sodium 

chloride/water of 0.2 wt% n-butanol and 0.2 wt% chloride. 
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Fig. 25. Effect of feed temperature on water and dichloromethane fluxes through the 

Celfa membrane and the enrichment factor towards dichloromethane for the a) binary 

dichloromethane/water system of 0.5 wt% dichloromethane and b) ternary 

dichloromethane/sodium chloride/water system of 0.5 wt% dichloromethane and 0.2 

wt% chloride (Paper III © 2009 Elsevier). 

 
Fig. 26. Effect of feed temperature on water, n-butanol and dichloromethane fluxes 

through the Celfa membrane and the enrichment factor towards dichloromethane and 

n-butanol for the a) ternary dichloromethane/n-butanol/water system of 0.5 wt% 

dichloromethane and 0.2 wt% n-butanol and b) quaternary dichloromethane/ 

n-butanol/sodium chloride/water system of 0.5 wt% dichloromethane, 0.2 wt% 

n-butanol and 0.2 wt% chloride (Paper III © 2009 Elsevier). 

The presence of sodium chloride did not impede the description of temperature 

dependence of partial fluxes by the Arrhenius equation. As shown in Table 16, the 

Ea and Ep values for the VOCs and water in all the systems studied were not 

altered. 

When the electrolyte was added to the systems under study at a fixed 

temperature, the pervaporation of the binary system’s n-butanol through both 

membranes and dichloromethane through the Celfa membrane was neither 

promoted nor inhibited (Figure 27 and Figure 28). No significant change in the 
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membrane performance was perceived by Nguyen and Noble (1987) in the 

pervaporation of dichloromethane/sodium chloride/water using a silicone tubular 

membrane. The water flux through the membranes remained constant with the 

salt feed concentration in the range studied. Consequently, no salting-in or 

salting-out phenomena were observed. This might be due to the sodium chloride 

having a weak influence on water activity (Cocchini et al. 2002). 

 

Fig. 27. Effect of the presence of chloride on a) n-butanol and water fluxes through the 

Celfa and P 500-1 membranes, and b) enrichment factor towards n-butanol for the 

ternary n-butanol /sodium chloride/water system of 0.2 wt% n-butanol at 40 °C. 

Fig. 28. Effect of the presence of chloride on water and dichloromethane fluxes 

through the Celfa membrane, and enrichment factor towards dichloromethane for the 

ternary dichloromethane/sodium chloride/water system of 0.5 wt% dichloromethane at 

40 °C (Paper III © 2009 Elsevier). 

The simultaneous pervaporation of n-butanol and dichloromethane using the 

Celfa membrane was moderately affected by the presence of sodium chloride. As 
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observed in Figure 29, when sodium chloride was incorporated to the ternary 

system the partial fluxes of compounds decreased moderately. When increasing 

the electrolyte feed concentration, the moderate decrease continued. The flux 

decrease could be due to an increase of viscosity of the solution because of the 

n-butanol–salt combination. As reported in Paper III, the decline in flux was not 

attributable to fouling. The decline of the fluxes between the components seems 

proportional. Consequently, the enrichment values towards the VOCs remained 

unaltered (Figure 29). 

The presence of sodium chloride did not affect the concentration of n-butanol 

and dichloromethane in the permeate, 6.03 ± 0.55 and 6.38 ± 0.32, respectively. 

The VOCs concentration in the permeate after using a single step of 

pervaporation was not enough for the direct re-use of the VOCs. 

 

Fig. 29. Effect of the presence of chloride on a) water, n-butanol and dichloromethane 

fluxes through the Celfa membrane for the quaternary dichloromethane/ 

n-butanol/sodium chloride/water system of 0.5 wt% dichloromethane and 0.2 wt% 

n-butanol at 40 °C, and b) on the enrichment factor towards dichloromethane and 

n-butanol for the quaternary dichloromethane/n-butanol/sodium chloride/water 

system of 0.5 wt% dichloromethane and 0.2 wt% n-butanol at 40 °C (Paper III © 2009 

Elsevier). 

9.4 Mass transfer analysis 

The mass transport phenomena were studied for the pervaporation of 

n-butanol/water through the Celfa and P 500-1 membranes and 

dichloromethane/water and n-butanol/dichloromethane/water through the Celfa 

membrane. The results are reported in Papers II and III. 



 105

As commented in Chapter 6.3 the main resistances to the mass transport of 

the compound are exerted by the liquid boundary layer and the membrane. In the 

studies reported in Papers II and III, the effect of the liquid boundary layer 

resistance was considered negligible as all experiments were conducted in a very 

turbulent flow regime (Reynolds number (Re) ~ 26000). Consequently, the overall 

resistance towards the transport of the compounds through the membranes is 

mainly exhibited by the membranes. 

Re was calculated according to the equivalent diameter dH and feed velocity 

on the surface of the membrane v, as: 

 *
,Hd v

Re
ρ

μ
=  (26) 

where ρ and μ* are the feed density and viscosity, respectively, and dH is defined 

as follows: 

 
2

.H

ab
d

a b
=

+
 (27) 

According to Peng et al. (2006), v can be calculated as: 

 
2

2 2

( )
,sV a b

v
a bπ

+
=  (28) 

where Vs is the feed volume flow and a and b are the rectangular slot dimensions 

of the feed flow passage of the membrane module, 4.4 × 10−3 m and 3 × 10−3 m, 

respectively. 

As stated earlier the permeances of the VOCs in all the systems studied were 

constant in the studied concentration range. The permeances may then be 

calculated from the slope of the linear fittings of Ji vs. ,
o

i i f iX pγ from Eq. (16) 

(Table 18). When determining the permeance of the VOCs in the ternary system, 

the driving force of the compound for which the permeance is calculated was 

varied, while the driving force for the other VOC was constant. Water permeance 

was calculated from the flux data obtained in the experimental run when 

circulating only water. The values of γi and o
ip  for the n-butanol/water, 

dichloromethane /water and dichloromethane /n-butanol/water mixtures were 

estimated by Aspen Plus 2004.1. UNIQUAC was selected as the activity 

coefficient property method. 
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Table 18. The overall permeance values of dichloromethane, n-butanol and water, 

Qov,dichloromethane, Qov,n-butanol and Qov,water, in the systems under study at 40 °C. 

 Qov,dichloromethane 

(kmolm−2s−1kPa−1) 

Qov,n-butanol 

(kmol −2s−1kPa−1) 

Qov,water 

(kmol m−2s−1kPa−1) 

Water     

Celfa membrane   4.75 × 10−7 

P 500-1 membrane   3.90 × 10-8 

n-butanol/water    

Celfa membrane  3.03 × 10−6  

P 500-1 membrane  3.80 × 10−7  

Dichloromethane/water     

Celfa membrane 1.77 × 10−9   

Dichloromethane/n-butanol/water    

Celfa membrane 1.33 × 10−9 3.02 × 10−6  

As observed, the P 500-1 membrane exhibited more resistance towards the 

transport of n-butanol than the Celfa membrane. The same behaviour was 

observed for the transport of water through the membranes. This is due to the 

higher thickness of the P 500-1 membrane compared to the Celfa membrane. 

According to the values reported in Table 18, it can be concluded that the 

membrane exhibited more resistance towards the permeation of dichloromethane 

than n-butanol. The lack of coupling effects in the pervaporation of the VOCs 

through the Celfa membrane is verified by the unchanged permeance values of 

n-butanol and dichloromethane for the ternary system compared to the binary 

systems. Park et al. (2007) reported a permeability value of 1.67 × 10−7 kmol m 

m−2s−1kPa−1 for the pervaporation of dichloromethane through a PDMS 

membrane with a thickness of 203−210 μm at 35 °C. 

The assumption that the contribution of the liquid boundary resistance to the 

total resistance was negligible was verified theoretically. The values of the liquid 

boundary layer resistance Qbl for the VOCs were calculated and compared with 

the overall resistance. For this purpose Kbl needed to be calculated. 

Kbl was determined from the correlations of the Sherwood number (Sh) in 

terms of Re and the Schmidt number (Sc) for turbulent flow through a horizontal 

slit (Reid et al. 1987), 

 0.8 0.33

2

0.026 ,bl H

i

K d
Sh Re Sc

D
= =  (29) 
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Di,2 is the mutual diffusion coefficient of solute i in solvent 2. The value of Di,2 

was estimated using the Wilke–Chang correlation and Sc was defined according 

to: 

 
*

2

.
i

Sc
D

μ
ρ

=  (30) 

The values of Qbl for n-butanol and dichloromethane were 2.96 × 10−4 

± 0.07 × 10−4 and 5.33 × 10−7 ± 0.13 × 10−7 kmol m−2s−1kPa−1, respectively. As 

previously assumed, the liquid boundary layer resistance contributes to less than 2% 

of the total resistance. 
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10 Pervaporation of water from mixtures 
containing n-butanol and dichloromethane 
using hydrophilic membranes 

The dehydration of n-butanol/dichloromethane mixtures was studied using RSM 

and reported in Paper IV. The conducted experimental runs (Table 15) were 

designed according to the recommended model (quadratic), the reference mixture 

and the candidate set. In order for the experimental plan to be viable, the 

reference mixture and the candidate set selected by the software needed to be 

altered manually. The original D-optimal design that included replicates of the 

reference mixture for estimating the pure error was augmented with replicates of 

random runs in order to check the homogeneity of the error variance. Runs were 

carried out in randomised order to break-down any occurring systematic time 

trend.  

The obtained results denoted that the membrane was non-permeable to 

dichloromethane. The results were analysed according to the water flux through 

the membrane (Jw) and the enrichment factor towards water (βw). 

10.1 Modelling the dehydration process 

The obtained experimental results were fitted by the partial least squares into 

quadratic models with four variables (feed temperature and feed concentration of 

n-butanol, dichloromethane and water). 

The goodness of fit of the model was initially evaluated by inspecting the 

coefficients of determination, the R2, R2
adj and, Q2 values. R2, R2

adj and, Q2 

indicate the fraction of the variation of the response explained by the model, the 

fraction of variation of the response explained by the model adjusted for degrees 

of freedom and the fraction of the variation of the response predicted by the 

model, respectively. The model validity was also evaluated by the analysis of 

variance (ANOVA). The confidence level used was 95%. 

After conducting the improvements of the models explained in Paper IV, the 

D-optimal design yielded experimental quadratic models with an excellent fit and 

predictive power for the responses of water flux through the membrane, and the 

enrichment factor towards water. The models described the effect of temperature 

and feed concentration on the pervaporation performance and were as follows: 
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 2
4

2 2

4.454 0.179 0.023 0.067 0.191 0.000

0.006 0.053 0.009 0.023 0.035 ,

w DCM b w DCM

b w DCM b DCM w w b

J T C C C C

C C C C C C C C

= − + − − + −

− − − + +

 (31) 

with R2 = 0.988, R2
adj = 0.982, Q2 = 0.967 and a reproducibility of 98.76%. 

 
2

2 2

1.056 0.031 0.070 0.055 0.190 0.007

0.003 0.030 0.005 0.023 0.017 ,

w DCM b w DCM

b w DCM b DCM w w b

T C C C C

C C C C C C C C

β = + + + − −

+ + + − −
 (32) 

with R2 = 0.994, R2
adj = 0.991, Q2 = 0.970 and a reproducibility of 99.85%. 

The ANOVA tables reported in Paper IV indicate that both models were 

statistically significant with a 95% confidence level in the range studied 

(Fvalue > Ftabulated and p* < 0.05). The model errors were in the same range as the 

pure error, i.e. the lack of fit was not significant at a 95% confidence level. It is 

important to point out that the lack of fit for the model of the enrichment factor 

towards water was significant (Fvalue > Ftabulated and p* < 0.05). However, this was 

due to the high reproducibility obtained. As a consequence the model error was 

compared with an unreal experimental error. 

Based on the empirical models described in Eqs. (31) and (32), response 

surface plots were developed which were used for a better understanding of the 

effect of the factors on the responses. 

10.2 Influence of temperature on the pervaporation performance 

The influence of temperature on the pervaporation performance is evaluated using 

the 3-D contour plots. The 3-D contour plots described the variation of both 

responses, the water flux through the membrane (Figure 30) and the enrichment 

factor towards water (Figure 31) as a function of the mixture composition at the 

studied temperatures (30, 40 and 50 °C). 

As expected the permeate water flux through the membrane was positively 

affected by temperature. Additionally, Figure 31 indicates the negligible effect of 

the temperature on the enrichment factor towards water. This may be an 

indication of the temperature having a similar impact on the permeation of both 

n-butanol and water. 

An increase of water flux through the membrane and an insignificant increase 

of the enrichment factor towards water were also observed by Veerapur et al. 

(2008) when separating water from water/1,4-dioxane mixtures by pervaporation 

using PVA-zeolite T composite membranes. 
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Fig. 30. Contour plot for the effects of the initial feed concentration of water (Cw), 

dichloromethane (CDCM) and n-butanol (Cb) on the water flux through the PVA 

membrane at 30, 40 and 50 °C (Paper IV © 2009 Elsevier). 

Fig. 31. Contour plot for the effects of the initial feed concentration of water (Cw), 

dichloromethane (CDCM) and n-butanol (Cb) on the enrichment factor towards water at 

30, 40 and 50 °C (Paper IV © 2009 Elsevier). 
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10.3 Influence of feed concentration on the pervaporation 
performance 

According to Figure 30, the flux of water through the membrane benefits from the 

increase of the water concentration in the feed. The flux enhancement was mainly 

due to the fact that an increase in feed concentration caused a rise in activity and 

partial pressure, hence enhancing the pervaporation driving force.  

As for the other components of the mixture, an increase of n-butanol and the 

dichloromethane concentration implied a decrease in water feed concentration, 

hence decreasing the pervaporation driving force. Dichloromethane was the 

compound least affecting the response, probably because the dichloromethane did 

not permeate through the membrane. The decrease in water flux when decreasing 

the water feed concentration also indicated a lack of membrane swelling.  

The effects of the interaction terms on the water flux were evaluated in the 

region of the contour plot where the two terms involved in the interaction are 

altered while keeping the third one constant. The water flux through the 

membrane was increased by increasing the water concentration while reducing 

the dichloromethane feed concentration and/or n-butanol feed concentration. 

Figure 31 indicates that the improvement of the enrichment factor towards 

water was achieved by the decrease of water concentration in the feed. Further, 

the increase of the dichloromethane concentration and n-butanol in the feed 

enhanced the enrichment factor. 

An increase in water feed concentration caused a decrease in the enrichment 

factor towards water. This effect may have been caused to a higher extend by the 

definition of the enrichment factor (increase of the denominator of the ratio) 

rather than by an effect of the water feed concentration on the relative fluxes of 

the compounds. 

As for the effect of the interaction terms, the enrichment factor towards water 

was increased by increasing the water concentration while reducing the 

dichloromethane feed concentration and/or n-butanol feed concentration. 

10.4 Optimisation of the dehydration process 

The optimum pervaporation dehydration process is the process that exhibits the 

maximum achievable flux of water through the membrane and the enrichment 

factor towards water. When comparing Figure 30 and Figure 31, the competition 

between responses becomes evident, i.e. improving one response will have the 
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opposite effect on the other one. For optimisation purposes, the software balances 

the global information of the model in terms of response surfaces, main effects 

and interaction among variables to obtain the best conditions for the process as a 

whole. 

The optimal conditions were found at a feed temperature of 49 °C and at an 

initial feed concentration of water, dichloromethane and n-butanol of 6.64 wt%, 

41 wt% and 52.36 wt%, respectively. Pervaporation of the water/ 

dichloromethane/n-butanol system with conditions close to the optimal, initial 

feed concentration of water, dichloromethane and n-butanol of 6.51 ± 0.10 wt%, 

38.57 ± 0.55 wt% and 54.92 ± 0.49 wt%, respectively, was conducted. The water 

flux observed, 4.39 × 10−5 ± 0.20 × 10−5 kg m−2s−1, was in the range predicted by 

Eq. (31): 4.04 × 10−5 − 5.07 × 10−5 kg m−2s−1. The obtained enrichment factor 

towards water, 17.95 ± 0.25, was very close to those predicted by Eq. (32): 

18.80−21.18. 

10.5 Validity of the model 

Additional experiments with conditions different than the optimum were carried 

out in order to further assess the validity of both models. When the pervaporation 

of the mixture water/dichloromethane/n-butanol with an initial feed concentration 

of about 15 wt%, 5 wt% and 80 wt%, respectively, at 50 °C was conducted, the 

water flux through the membrane and enrichment factor obtained were 

6.94 × 10−5 ± 0.11 × 10−5 kg m−2s−1 and 7.01 ± 0.05, respectively. The 

experimental values observed were reasonably close to the range predicted by the 

models; 7.10 × 10−5−8.51 × 10−5 kg m−2s−1 for the water flux through the 

membrane and 7.01−7.70 for the enrichment factor towards water. Consequently, 

the validity and adequacy of the models were verified.  
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11 Summary and concluding remarks 

Spent VOCs are usually present, with a variety of different compounds, in 

industrial wastewaters such as the wastewaters from the fine chemical sector. The 

environmental impact of the chemical industry and also the efficient use of 

resources would be improved by the reclamation of the organic solvents. 

The thesis explored the reclamation of n-butanol and dichloromethane from 

sodium chloride containing mixtures at conditions commonly found in effluents 

using subsequent stages of hydrophobic followed by hydrophilic pervaporation 

membranes at different feed temperatures and concentrations. The purpose of this 

approach was to obtain three streams from a complex wastewater after the overall 

pervaporation process: a re-use quality concentrate of VOCs, brine, and discharge 

quality purified water. Another aim was to gain understanding of mass transport 

phenomena during pervaporation of multicomponent systems and the effect of 

sodium chloride on pervaporation performance. 

This research showed the possibility of reducing the toxicity of an effluent by 

using compounds present in effluents and turning them into resources. This study 

suggested the potential of pervaporation for the reclamation of n-butanol and 

dichloromethane from aqueous mixtures containing sodium chloride. However, 

the high volatility of dichloromethane might prevent its adoption by the industry. 

The amount of effluent to be treated will affect the consideration of pervaporation 

as BAT for the recovery of organic solvents from chemical effluents as 

pervaporation may be too expensive for large amounts of wastewaters.  

A single step of pervaporation of n-butanol/dichloromethane/sodium 

chloride/water systems using the Celfa and P 500-1 membranes was concluded to 

be inadequate for concentrating the VOCs sufficiently for direct re-use. It was 

also demonstrated that the electrolyte does not permeate through the membranes 

and does not affect their separation effectiveness significantly. 

The separation of the VOCs from the feed mixture using the hydrophobic 

pervaporation membranes was established to increase with increasing temperature. 

Further, the study showed the lack of coupling phenomena between the VOCs. 

The permeate flux of VOCs through the membranes increased with increasing 

VOCs feed concentration. The presence of n-butanol, especially at high 

concentrations, was shown to affect the enrichment factor of the membranes 

towards the VOCs negatively. Consequently it may be concluded that the first 

stage of the proposed process for the reclamation of n-butanol and 

dichloromethane from aqueous systems be preferably conducted at dilute 
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n-butanol feed concentrations and at high temperatures. The maximum feed 

temperature would be limited by the nature of the feed and the membrane, and the 

economics of the process. 

This study also supported the advantage of analysing the effect of 

temperature on membrane permeation by the permeation activation energy 

instead of by the apparent activation energy. The values of the permeation 

activation energy for the transport of water, n-butanol and dichloromethane 

through the Celfa membrane were in the range of −8.4 ± 0.6 to −3.4 ± 0.2 

kJ mol−1, 2.7 ± 0.6 to 8.3 ± 0.2 kJ mol−1 and 20.1 ± 1.1 to 22.6 ± 1.1 kJ mol−1. The 

values of the permeation activation energy for the transport of water and 

n-butanol through the P 500-1 membrane were in the range of −13.6 ± 0.2 to 

5.4 ± 0.4 kJ mol−1 and −5.1 ± 0.5 to −9.8 ± 2.3 kJ mol−1. 

An analysis of the mass transport phenomena concluded that, under the 

experimental conditions studied, the resistance towards the mass transport of the 

compounds through the membrane was mainly exhibited by the membrane itself. 

The overall permeance for the transport of water, n-butanol and dichloromethane 

through the Celfa membrane is 3.02 × 10−6, 1.33 × 10−9 to 1.77 × 10−9 and 

4.75 × 10−7 kmol m−2s−1kPa−1, respectively. The overall permeance for the 

transport of water and n-butanol through the P 500-1 membrane was 3.80 × 10−7 

and 3.90 × 10−8 kmol m−2s−1kPa−1. 

The pervaporation of the water/dichloromethane/n-butanol system using the 

hydrophilic PVA–TiO2 membrane was concluded to be effective for dewatering 

purposes. The membrane showed impermeable features towards dichloromethane 

in the studied conditions. The water flux through the membrane was established 

to be positively affected by temperature and initial water feed concentration. The 

enrichment factor towards water was concluded to be positively influenced by the 

increase of the VOCs initial feed concentration. 

This study demonstrated the effectiveness and reliability of RSM in 

proposing models for fitting the experimental data, predicting and finding the 

optimal conditions in the pervaporation process. The optimal conditions 

established by RSM were a feed temperature of 49 °C and initial feed 

concentrations of water, dichloromethane and n-butanol of 6.64 wt%, 41 wt% and 

52.4 wt%, respectively. At these conditions the resulting permate did not contain 

dichloromethane and the concentration of water and n-butanol are 97.6 ± 0.1 wt% 

and 2.42 ± 0.13 wt%, respectively. 

Further research should focus on finding a suitable membrane impermeable 

to the electrolyte and able to concentrate the VOCs enough to be able to process 
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them through the second stage of the proposed process (a minimum of 80 wt%) in 

one pervaporation stage. 
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