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Abstract 

In this study, commercially available pervaporation membranes were evaluated for the 

recovery of organic acids and furfural from an acidic hydrolysate stream from steam treated 

wood.  Membranes that did not comply with the imposed feed and process conditions were 

eliminated during the screening process.  It was found that the polydimethylsiloxane (PDMS) 

and polyether block amine (PEBA) membranes from Pervatech B.V (Netherlands) were best 

suited for this application since both membranes showed a high affinity towards acetic acid 

and furfural during the pure component sorption experiments.  The influence of the feed 

temperature on the flux and selectivity through the membranes were investigated by 

increasing the feed temperature from 40 to 80°C, using intervals of 10°C. 

Pervaporation experiments were initially carried out with a 5 g/L acetic acid-water solution 

and a 1 g/L furfural-water solution to determine whether the selected membranes were able 

to recover acetic acid and furfural from dilute aqueous solutions.  Both the PEBA and PDMS 

membranes were selective towards furfural during the binary mixture experiments, with 

maximum furfural-water separation factors of 3.78 ± 0.45 and 6.44 ± 0.11, respectively.  

However, both membranes were more selective towards water than acetic acid, with acetic 

acid-water separation factors ranging from 0.12 to 0.50. 

Both membranes were tested for the recovery of selected components from the acidic 

hydrolysate from steam treated wood.  The acidic hydrolysate consisted of water, furfural, 

organic acids (acetic acid, citric acid, formic acid, and succinic acid), sugars (arabinose, 

glucose, xylose, cellobiose, and sucrose), sugar alcohols (glycerol, sorbitol and xylitol) and 

higher molecular weight components (polysaccharides and lignin fractions). 

It was found that the PEBA membrane only separated water and trace amounts of acetic 

acid and furfural from the acidic hydrolysate.  On the other hand, the PDMS membrane 

separated water, furfural, organic acids (acetic acid, citric acid, formic acid and succinic acid) 

and trace amounts of monomeric sugars (glucose and xylose) and sugar alcohols (sorbitol 

and xylitol) from the acidic hydrolysate.  The PDMS membrane performed better than the 

PEBA membrane in terms of total flux and selectivity towards furfural and organic acids.  

The PDMS membrane yielded a maximum total flux of 2638 ± 132 g.m-2.h-1 at 80°C, with 

maximum organic acids and furfural enrichment factors of 0.25 ± 0.02 and 2.12 ± 0.06, 

respectively.  The PEBA membrane primarily removed water from the acidic hydrolysate 

since the permeate consisted of 99.9 wt% water and the maximum acetic acid and furfural 

enrichment factors were only 0.022 ± 0.003 and 0.103 ± 0.005, respectively.  The highest 

total flux obtained when separating the acidic hydrolysate with the PEBA membrane was 
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1203 ± 39 g.m-2.h-1.  The PEBA membrane was therefore found to be more suited for the 

recovery and purification of water. The inferior performance of the PEBA membrane in terms 

of its selectivity towards organic acids and furfural was ascribed to concentration 

polarisation. 

The permeation of components through the membranes was modelled using Fick’s law and 

the solution-diffusion model.  Fick’s law predicted the partial water flux through both 

membranes accurately, while both Fick’s law and the solution-diffusion model predicted the 

partial acids flux through the PDMS membrane accurately.  Both models were less accurate 

in predicting the partial fluxes of furfural, sugars and sugar alcohols.  The reason being that 

both models used an Arrhenius relationship to describe the temperature dependence of the 

flux, while the permeation of furfural, sugars and sugar alcohols did not follow an Arrhenius 

relationship with increasing temperature. 

Keywords: Pervaporation, acidic hydrolysate, furfural, organic acids, PEBA membrane, 

PDMS membrane, Fick’s law, solution-diffusion model. 
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Chapter 1                     

Introduction 
 

Overview 

This chapter includes three subsections: Section 1.1 (Background and motivation) explains 

the importance of biorefineries and describes how the paper and pulp industry can benefit 

from being converted into integrated forest biorefineries.  This section also motivates why 

pervaporation membranes will be used for the fractionation of the acidic hydrolysate from 

steam treated wood.  Section 1.2 (Aim and objectives) gives the aim of this study and 

explains how this study was conducted by stating the specific objectives.  Section 1.3 

(Scope) outlines the scope of the study. 
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 Background and motivation 1.1

The negativity associated with fossil-based processes has necessitated the replacement of 

petroleum based products with their bio-based counterparts (Shen et al., 2013; Zhang & 

Lynd, 2004).  In recent years, various studies have focussed on the production of biofuels 

and biochemicals from lignocellulosic biomass (Cherubini, 2010; Zhang et al., 2016) 

Lignocellulosic biomass is an abundant, renewable feedstock (Gao et al., 2011; Teella et al., 

2011) that consists of cellulose, hemicellulose and lignin (Saeed et al., 2012).  Industries that 

use large amounts of lignocellulosic biomass can increase their revenue by adopting a 

biorefinery approach to produce multiple products from one feedstock (Kamm et al., 2006; 

Liu et al., 2012; Maartens et al., 2002; Saeed et al., 2012). 

The global paper and pulp industry is considered to be a large consumer of woody biomass.  

In 2014, 178 million tons of pulp and 406 million tons of paper were produced worldwide 

(Swedish Forest Industries Federation, 2015).   During the pulping process, approximately a 

quarter of the wood weight dissolves into the waste liquor streams as hemicelluloses and 

lignin (Van Heiningen, 2006).  The hemicelluloses can further be hydrolysed to valuable 

components such as monomeric and oligomeric sugars, organic acids and furfural (Li et al., 

2010; Shen et al., 2011).  Paper and pulp mills therefore have the opportunity to increase 

their revenue by recovering valuable components from their waste streams.   These mills 

can ultimately be transformed into integrated forest biorefineries if the components can be 

recovered in an efficient and economic manner (Shen et al., 2012; Van Heiningen, 2006). 

Various separation technologies have been employed for the recovery of valuable 

components or the purification of effluent streams originating from paper and pulp mills.  

(Nuortila-Jokinen & Nyström, 1996).  These techniques include precipitation (Liu et al., 2011; 

Koljonen et al., 2004), biological treatments (Tirsch, 1990), oxidation (Balcioğlu & Çeçen, 

1999), adsorption (Shen et al., 2013; Tao et al., 2006), flocculation (Liu et al., 2012; Saeed 

et al., 2011; Shi et al., 2011), flotation (Gubelt et al., 2000), evaporation (Bergtsson et al., 

2002) and filtration (Maartens et al., 2002; Nuortila-Jokinen & Nyström, 1996; Pizzichini et 

al., 2005).   

In recent years, a substantial amount of research focussed on membrane technology as a 

separation process since it is cost-competitive, environmentally friendly, low energy 

consuming and generally easier to operate and scale-up than other separation processes 

(Agashichev, 2012; Qi et al., 2011; Teella et al., 2011; Zhou et al., 2013).  Some of these 

studies focussed on the separation of acetic acid and/or furfural from fermentation broths 

(Gautam & Menkhaus, 2014; Qi et al., 2011; Zhou et al., 2013) and kraft-based effluent 

streams (Ahsan et al., 2012; Ahsan et al., 2014; Sainio et al., 2013; Wang et al., 2015) using 
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ultrafiltration, nanofiltration or reverse osmosis.  Most of these studies had to incorporate 

other processes, such as adsorption on activated carbon (Ahsan et al., 2012; Ahsan et al., 

2014), or extra membrane stages (Sainio et al., 2013) to remove lignin prior to filtration to 

reduce fouling.  Studies that did not include additional processing steps reported high fouling 

(Gautam & Menkhaus, 2014; Wang et al., 2015). 

Pervaporation is a relatively new membrane process that uses nonporous membranes (Feng 

& Huang, 1997; Smitha et al., 2004), which have proven to be more resistant to fouling 

(Bolto et al., 2009; Smitha et al., 2004; Wang et al., 2016).  Pervaporation does not separate 

components based on molecular sizes, instead the relative affinity of the membrane towards 

one or more of the components in the feed brings about separation (Marx et al., 2005; Shao 

& Huang, 2007).  During this process, a liquid feed mixture is brought into contact with a 

homogeneous membrane (Feng & Huang, 1997; Smitha et al., 2004), resulting in the 

selective sorption and diffusion of one or more components through the membrane 

(Pangarkar & Pal, 2009).  To ensure continuous transport through the membrane, a low 

pressure is maintained on the permeate side of the membrane (Shao & Huang, 2007).  The 

permeating components evaporate inside the membrane due to the low pressure.  This 

process is more energy efficient when there is a low concentration of the preferentially 

permeable component in the feed, as the minor component consumes latent heat (Araki et 

al., 2011; Shao & Huang, 2007; Sun et al., 2009).     

Pervaporation can be used for the dehydration of solvents, removal of organic compounds 

from aqueous solutions and the separation of organic-organic mixtures (Cunha et al., 2002; 

Matuschewski & Schedler, 2008; Shao & Huang, 2007; Smitha et al., 2004).  Dehydration of 

solvents is the most advanced application of pervaporation (Shao & Huang, 2007; Smitha et 

al., 2004), while the separation of organic-organic mixtures is the most challenging (Cunha 

et al., 2002; Feng & Huang, 1997; Matuschewski & Schedler, 2008; Shao & Huang, 2007).  

 Aim and objectives 1.2

The aim of this project is to remove organic acids and furfural from an acidic hydrolysate 

from steam treated wood. 

The primary objectives of this study are: 

1. Identify and quantify the main components in the acidic hydrolysate 

2. Screen different pervaporation membranes to determine which membranes are more 

suited for the separation of organic acids and furfural from the acidic hydrolysate. 

3. Evaluate the performance of the chosen pervaporation membranes for the separation of 

organic acids and furfural from the acidic hydrolysate in terms of flux, selectivity and 

performance separation index. 



School of Chemical and Minerals Engineering 

 

4 
 

4. Use Fick’s law and the solution diffusion model to describe mass transport through the 

membranes. 

 Scope 1.3

 

Figure 1-1: Scope of investigation 
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Chapter 2                     
Literature review 

Overview 

This chapter includes five subsections: Section 2.1 (Introduction to membrane technology) 

gives an introduction to membrane technology and explains why membrane processes are 

worth investigating.  Section 2.2 (Membrane operations) describes how membranes are 

classified and summarises the various membrane processes.  Section 2.3 (Pervaporation) 

gives background information about pervaporation and explains which factors can influence 

the performance of the pervaporation membrane.  Section 2.4 (Recovery of components 

from kraft-based effluent streams) summarises the main results obtained from other studies 

that focussed on the recovery of organic components from kraft-based effluent streams. 

Section 2.5 (Concluding remarks) takes into account the research that has been done and 

highlights the research gap.  
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 Introduction to membrane technology 2.1

During the past four decades, membrane technology has evolved from an interesting 

research topic to an advanced industrial separation process (Sastre et al., 2009).  

Membranes were first introduced on a large scale in the 1960s, where it was used in a 

variety of processes such as dialysis, electro-dialysis, reverse osmosis, ultrafiltration and 

microfiltration (Sastre et al., 2009; Strathmann, 1990).  From there the membrane industry 

expanded and is now applied in the chemical, pharmaceutical, paper and pulp, 

biotechnology, beverage and food industries (Feng & Huang, 1997; Liu et al., 2012; Mulder, 

1996; Sastre et al., 2009).  Membranes are also used to treat both domestic and industrial 

water supplies (Mulder, 1996).  The popularity of membrane processes mainly increased 

due to tighter environmental regulations which called for environmentally friendly processes 

to remove harmful components efficiently over a wide range of concentration levels (Sastre 

et al., 2009). 

Membranes are an attractive separation process since it is cost-competitive, environmentally 

friendly, low energy consuming and generally easier to operate and scale-up than other 

separation processes (Qi et al., 2011; Teella et al., 2011; Zhou et al., 2013).  Membranes 

are usually operated at ambient temperature (Strathmann, 1990), which means that 

temperature-sensitive solutions can be separated without chemically altering or damaging 

the constituents in the solution.  Membrane technology can therefore be very beneficial in 

the food and pharmaceutical industry, as well as in biotechnology, where temperature 

sensitive products are frequently processed. 

Membranes are often seen as semi-permeable materials that are capable of transporting 

one component more readily than others due to the physical and chemical differences 

between the membrane and permeating components (Henley et al., 2011; Mulder, 1996).  

Membranes are selective barriers that separate a feed steam into two effluent streams, i.e. a 

permeate stream and a retentate stream.  The permeate stream is the portion of the feed 

that passed through the membrane, while the retentate stream consists of all the 

constituents that were rejected by the membrane (Henley et al., 2011).  The transfer of mass 

across a membrane’s surface can be attributed to a variety of driving forces such as 

difference in concentration, temperature, partial pressure and electrical potential (Mulder, 

1996; Strathmann, 1990). 

 Membrane operations 2.2

A membrane process can be operated in either dead-end or cross-flow filtration mode.  A 

dead-end operation has the simplest configuration since the feed stream is perpendicularly 

forced through a membrane (Guizard & Amblard, 2009).  One stream therefore enters the 
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membrane module and only one stream (permeate stream) exits (Mulder, 1996).  As time 

goes by, the concentration of rejected material in the feed will increase, while the quality of 

the permeate will decrease (Guizard & Amblard, 2009; Mulder, 1996).  The rejected material 

that collects on the surface of the membrane can lead to concentration polarisation and 

fouling, which will affect the flux through the membrane (Cherylan, 1998). 

A cross-flow mode operation is usually preferred for industrial use since it is continuous and 

shows lower fouling and concentration polarisation than dead-end mode (Guizard & 

Amblard, 2009; Mulder, 1996). In cross-flow mode, the feed stream flows parallel to the 

membrane surface and separates the feed into two effluent streams, i.e. a permeate stream 

and a retentate stream (Mulder, 1996).The composition of the feed and the quality of the 

permeate in the membrane module will change as a function of distance in the module 

(Mulder, 1996).  Cross-flow is advantageous when the feed contains solids, as the solids will 

be kept in suspension.  This will lower the chance of cake build-up on the membrane surface 

(Cherylan, 1998; Guizard & Amblard, 2009). 

Figure 2-1 shows the difference between these two modes of operation.  In dead-end mode, 

the flux (J) decreases as the resistance of the cake increases over time.  The resistance of 

the cake in cross-flow mode is much smaller than in dead-end mode since the solids are 

kept in suspension.  As a result, cross-flow operation gives a higher average flux during 

operation (Cherylan, 1998). 

 

Figure 2-1: Difference between dead-end and cross-flow operation 
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2.2.1 Membrane classification 

Membranes can first be classified into two groups, namely biological and synthetic 

membranes (Mulder, 1996), which differ fundamentally in functionality and structure.  

Biological membranes are found in living organisms, as all living cells are surrounded by a 

membrane which carries out specific transport tasks (Strathmann et al., 2006).   These 

membranes consist of lipids, proteins and saccharides, which can also be used for 

separations in medical and biomedical processes (Lee, 2003; Osada & Nakagawa, 1992).   

Synthetic membranes are man-made from organic or inorganic materials and are used in 

laboratories as well as in industrial processes (Osada & Nakagawa, 1992).  When compared 

with biological membranes, synthetic membranes are chemically and mechanically more 

stable, but also less selective and energy efficient.  Their selectivity is determined by either a 

sieving mechanism, where components of a specific size are transported through a 

microporous membrane, or by a solution-diffusion mechanism, where components are 

transported through a homogeneous structure according to their diffusivity and solubility 

(Henley et al., 2011; Sastre et al., 2009; Strathmann et al., 2006). 

Membranes can further be classified according to their morphology. They can be 

homogenous or heterogeneous, symmetric or asymmetric in structure (Sastre et al., 2009; 

Strathmann, 1990).  Membranes can be made from different materials such as ceramics, 

glass, liquids, metals or polymers (Henley et al., 2011; Strathmann et al., 2006).  It can also 

be neutral or carry a positive or negative charge (Sastre et al., 2009; Strathmann, 1990).  

The thickness of membranes can vary from less than 100 nm to larger than a millimetre 

(Strathmann et al., 2006).  The only characteristic that all membranes have in common is 

their ability to restrict the passage of certain components through the membrane. 

Synthetic membranes can be classified into the following basic groups (Strathmann, 1990; 

Strathmann et al., 2006): 

 Porous films 

 Homogeneous solid films 

 Barriers carrying electrical charges 

 Asymmetric structures 

 Liquid or solid films containing selective carriers 

2.2.1.1 Symmetric and asymmetric membranes 

Synthetic membranes can either have a symmetric or an asymmetric structure.  Symmetric 

membranes have constant pore diameters or a homogenous structure throughout the 

membrane (Hägg, 2009; Strathmann, 1990).  As a result, the transport properties are 
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identical over the entire cross-section and thickness of a symmetrical membrane.  These 

membranes are primarily used in microfiltration, dialysis and electrodialysis (Strathmann, 

2006).  The structural and transport properties of asymmetric membranes however, vary 

over the cross section of the membrane (Hägg, 2009; Strathmann, 2006). Asymmetric 

membranes have a composite structure consisting of a thin perm-selective layer (skin layer) 

on top of a porous support.  The skin layer is usually 0.1 to 1 μm thick, while the porous 

substructure is 0.1 to 0.2 mm thick.  The combination of the skin layer, which is the actual 

membrane, with a structural support, ensures that these membranes offer satisfactory mass 

transport rates and mechanical strength. Asymmetric membranes are mostly used in 

pressure driven membrane processes such as ultrafiltration, reverse osmosis and gas 

separation (Strathmann, 1990; Strathmann, 2006).  

Figure 2-3 represents a schematic drawing comparing the cross section of a symmetric 

membrane (a) to an asymmetric membrane (b). 

 

Figure 2-2: Schematic drawing of the cross section of a (a) symmetric membrane and (b) 
asymmetric membrane 

2.2.1.2 Membrane materials 

The selection of the correct membrane material plays an important role in the efficient and 

economic operation of a membrane separation process.  The selection of a membrane 

should be based on the following criteria (Henley et al., 2011; Seader & Henley, 2006): 

 Membrane application 

 High selectivity and permeability 

 Economics 

 Mechanical stability 

 Chemical inertness 

 Separation mechanism 

Membranes can be made from organic or inorganic materials.  Organic membranes include 

all membranes made from polymeric materials, while inorganic membranes are made from 

ceramics, glass or metals (Mulder, 1996).  Membranes can also be constructed from a 

combination of organic and inorganic materials which are known as hybrid or composite 

membranes.   
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Processed natural polymers, including cellulose and rubber, were used to produce the first 

membranes ever used (Henley et al., 2011).  Afterwards, the first synthetic membranes were 

introduced and commercialized in 1930.  Synthetic polymers can either be produced by 

condensation reactions, or by free-radical or ionic-catalysed addition reactions using 

monomers (Henley et al., 2011).  These synthetically produced polymers can be categorised 

into four structural groups: 

 long linear chain polymers 

 branched chain polymers 

 moderately crossed-linked polymers 

 three-dimensional, highly crossed-linked polymers 

Polymers can first be classified according to their response to temperature.  Thermoplastic 

polymers have a linear structure (Henley et al., 2011) and behave like fluids above a certain 

temperature level (Sautereau et al., 2002). These polymers are soluble in organic solvents 

and start to soften as the temperature increases (Henley et al., 2011).  Thermosetting 

polymers, which have a highly crossed linked structure (Henley et al., 2011), decompose 

when exposed to high temperatures without going through a fluid state (Sautereau et al., 

2002).  Thermosetting polymers are also insoluble in organic solvents (Henley et al., 2011).  

Polymers are further categorised into two phases, i.e. amorphous or crystalline (Voyiadjis, et 

al., 2014).  An amorphous polymer has no defined shape and has a glassy, transparent 

appearance (Pinto et al., 2011).  If the temperatures of these polymers reach the glass-

transition temperature, they become rubbery (Henley et al., 2011).  Membranes made from 

amorphous polymers can operate below and above the glass-transition temperature. In 

crystalline polymers, the molecules are packed in a defined, regular pattern, giving it an 

opaque appearance (Geoffroy, 2004; Henley et al., 2011).  If the temperature of a crystalline 

polymer reaches the melting temperature, it becomes a melt (Henley et al., 2011). 

Membranes made from crystalline polymers must therefore operate at temperatures below 

the melting temperature (Henley et al., 2011). It is however impossible to create a 100% 

crystalline polymer.  Polymers can therefore either be amorphous or semicrystalline 

(Geoffroy, 2004; Henley et al., 2011; Voyiadjis, et al., 2014).  Microporous and 

homogeneous membranes 

Microporous membranes consist of a solid matrix with distinct pores (Strathmann, 1990; 

Strathmann, 2006) which separates membranes in a similar way as normal filter paper.  The 

selectivity of a microporous membrane is determined by a sieving mechanism since 

components are separated based on their relative sizes.  These membranes can be made 

from a variety of materials, including polymers, ceramics, metal or graphite (Strathmann, 
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1990).  Microporous membranes are mainly used in pressure driven membrane separations 

such as microfiltration, ultrafiltration and dialysis (Cherylan, 1998; Strathmann, 2006). 

Microporous membranes are ineffective when particles of similar sizes should be separated.  

In these situations it is better to use homogenous membranes.  A homogenous membrane 

consists of a dense film though which the permeating component is transported by a 

concentration, pressure or electrical potential gradient (Strathmann et al., 2006). The 

selectivity of a homogenous membrane is determined by a solution-diffusion mechanism, 

where components are transported through the homogeneous structure according to their 

diffusivity and solubility (Henley et al., 2011; Sastre et al., 2009; Strathmann et al., 2006).  

Homogenous membranes are generally made from polymeric materials.  However, inorganic 

materials such as glass and metals are also occasionally used.  Homogenous membranes 

are used in processes such as pervaporation, gas separation and reverse osmosis 

(Strathmann, 2006) 

2.2.2 Membrane separation processes 

Various membrane separation processes exist that are designed specifically for the 

separation of certain mixtures.  Table 2-1 summarises the properties and applications of 

various separation processes (Henley et al., 2011; Ho & Sirkar, 1992; Lipnizki et al., 1999; 

Nath, 2008). 
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Table 2-1: Membrane separation processes 

Separation 

process 

Nature of permeating 

components 

Driving Force Mechanism for 

transport/selectivity 

Phase of feed and 

permeate streams 

Examples 

Microfiltration Components smaller than the 

pore size of 100-1000 nm 

Pressure gradient Sieving Liquid or gas Removal of bacteria or cells 

from solutions 

Ultrafiltration Components smaller than the 

pore size of 10-100 nm 

Pressure gradient Sieving Liquid Pre-concentration of milk 

when making cheese 

Nanofiltration Components smaller than the 

pore size of 1-10 nm 

Pressure gradient Sieving Liquid Water softening 

Reverse 

osmosis 

Components smaller than the 

pore size of 0.1-1 nm 

Pressure gradient Preferential sorption or 

capillary flow (solution-

diffusion-imperfection) 

Liquid Desalination of brackish 

water or seawater 

Gas 

permeation 

Gaseous, smaller or more 

soluble components 

Concentration gradient 

(partial pressure 

difference) 

Solution-diffusion Gaseous Recovery of hydrogen from 

process gas streams 

Pervaporation More soluble components Concentration gradient 

(partial pressure 

difference) 

Solution-diffusion Liquid feed, gaseous 

permeate 

Dehydration of ethanol-

water azeotrope 

Electrodialysis Micro-ionic components Electrical potential 

gradient 

Counter-ion transport via ion 

exchange membranes 

Liquid Production of table salt from 

seawater 

Liquid 

membrane 

Components with high solubility 

in liquid membranes 

Concentration gradient 

(partial pressure 

difference) 

Solution-diffusion,  Liquid Separation of hydrocarbons 
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 Pervaporation 2.3

As the name suggests, pervaporation is a membrane separation process that combines 

permeation with evaporation.  During this process, a liquid feed mixture is brought into 

contact with a homogeneous membrane (Feng & Huang, 1997; Smitha et al., 2004), 

resulting in the selective sorption and diffusion of one or more components through the 

membrane (Pangarkar & Pal, 2009).  This process is more energy efficient when there is a 

low concentration of the preferentially permeable component in the feed, as the minor 

component consumes latent heat (Araki et al., 2011; Shao & Huang, 2007; Sun et al., 2009).  

Pervaporation membranes are usually made from either polymeric or ceramic materials 

(zeolites) (Shao & Huang, 2007).  Unlike other membrane processes, pervaporation does 

not separate components based on molecular sizes, instead the relative affinity of the 

membrane towards one or more of the components in the feed brings about separation 

(Marx et al., 2005; Shao & Huang, 2007).  A vacuum pump or purge gas (Figure 2-5) is 

usually placed on the permeate side of the membrane to maintain a lower pressure on the 

downstream face of the membrane (Feng & Huang, 1997; Rautenbach, 1990; Shao & 

Huang, 2007).  Consequently, the chemical potential gradient (Feng & Huang, 1997; Lipnizki 

et al., 1999) across the membrane acts as the driving force for mass transport.  The rejected 

compounds are removed from the membrane module as a liquid retentate, while the 

permeate vapour is condensed and collected (Brüschke, 2001). 

 

Figure 2-3: Schematic diagram of (a) vacuum pervaporation and (b) purge gas pervaporation 

Pervaporation has become a valued alternative to conventional, energy intensive separation 

processes, especially for the separation of liquid mixtures that contain components with 

similar chemical properties (Cai et al., 2013; Cunha et al., 2002).  Azeotropic, isomeric and 

close-boiling liquid mixtures can be separated with pervaporation membranes (Ray & Ray, 

2006; Shao & Huang, 2007; Smitha et al., 2004; Yoshida & Cohen, 2003) in a safe, 

economical and environmentally friendly way (Omidali et al., 2014; Shao & Huang, 2007; 
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Smitha et al., 2004; Sun et al., 2009).  Heat-sensitive mixtures can also be separated with 

pervaporation membranes since the mechanism for separation is the difference in sorption 

and diffusion properties, which will not cause any heat damage to the mixture (Cunha et al., 

2002; Smitha et al., 2004). 

The selection of the correct membrane for pervaporation plays an important role in the 

overall performance of the separation process.  Membranes should therefore be chosen that 

show the best performance in flux, selectivity and stability (Feng & Huang, 1997; Liu et al., 

2012).  In the past, polymeric membranes gave the most satisfactory results; unfortunately 

process conditions have a major impact on these membranes (Van Gemert & Cuperus, 

1995).  The performance of polymeric membranes can be influenced by the temperature, 

concentration and composition of the feed, which most likely causes inconsistent swelling 

and forms cracks in the membrane (Marx et al., 2005; Van Gemert & Cuperus, 1995).  

Ceramic membranes, which are more stable than polymeric membranes, therefore might be 

a better choice if the feed conditions of the specific process are inconsistent. 

2.3.1 Industrial applications 

Pervaporation can be used for the following applications: dehydration of solvents (hydrophilic 

pervaporation), removal of organic compounds from aqueous solutions (organophilic 

pervaporation) and the separation of organic-organic mixtures (organophilic pervaporation) 

(Cunha et al., 2002; Matuschewski & Schedler, 2008; Shao & Huang, 2007; Smitha et al., 

2004).  Dehydration of solvents is the most advanced application of pervaporation (Shao & 

Huang, 2007; Smitha et al., 2004), while the separation of organic-organic mixtures is the 

most challenging (Cunha et al., 2002; Feng & Huang, 1997; Matuschewski & Schedler, 

2008; Shao & Huang, 2007).  Organic-organic separations with pervaporation can further be 

categorised into polar/non-polar, aromatic/aliphatic, aromatic/alicyclic, and isomer 

separations (Shao & Huang, 2007).  According to Shen et al. (2007) and Huang et al. (2008) 

more than one hundred plants worldwide use pervaporation systems, mostly for the 

dehydration of alcohols. 

The applications and typical membrane materials used for various areas of pervaporation is 

summarised in Figure 2-4. 
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Figure 2-4: Applications and typical membrane materials used in various areas of pervaporation
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2.3.2 Membrane swelling 

Polymeric membranes swell when in contact with a liquid feed.  As the liquid dissolves into 

the membrane at the feed side, the membrane starts to swell.  The swelling inside a 

pervaporation membrane is unique since the swelling gradually decrease from fully swollen 

on the feed side to virtually dry at the permeate side of the membrane.  This swelling 

gradient occurs as a result of the vacuum on the permeate side (Böddeker, 1990).  The 

swelling of a polymeric membrane leads to a lower selectivity and higher permeate flux 

(Feng & Huang, 1997). 

The degree of swelling of a membrane (DS) is defined as the percentage mass uptake of the 

membrane at equilibrium.  It can be calculated as the amount of solution sorbed into the 

membrane, divided by the mass of the dry membrane according to Equation 2-1. 

DS =
(𝑊∞ − 𝑊0) 

𝑊0
× 100% Equation 2-1 

Where W∞ is the total mass of the swelled membrane and W0 is the mass of the dry 

membrane before swelling. 

2.3.3 Coupled transport 

The transport of a component through a pervaporation membrane may be affected by the 

presence of other components due to permeate-permeate interactions (thermodynamic 

coupling) and permeate-membrane interactions (kinetic coupling) (Mulder et al., 1983; Shao 

& Huang, 2007).  Thermodynamic coupling occurs when the Gibbs free energy of one 

component in the membrane is changed by the presence of the other permeating 

components (Mulder et al., 1983; Shao & Huang, 2007).  This change in Gibbs free energy 

alters the behaviour of the component in the membrane, which can either increase or 

decrease the flux of the component.  On the other hand, kinetic coupling involves 

interactions between the permeating components and the membrane.  An example of kinetic 

coupling is the plasticization effect.  The plasticizing effect causes an increase in the 

permeation rate of the least permeable components in polymeric membranes.  This 

phenomenon usually occurs when the component with the highest permeability is present in 

high concentrations. If the most permeable component is present in high concentrations, 

then more of these molecules can be absorbed into the membrane.  The absorbed 

molecules cause swelling of the amorphous regions of the membrane which increases the 

flexibility of the polymer chains.  As a result, the permeation of the unwanted components 

increases (Cunha et al., 2002; Marx et al., 2002; Yu et al., 2002). 

Coupling phenomena explains why the flux of a component in a binary or multi-component 

mixture differs from the pure component flux.  Coupling of fluxes is very difficult to quantify or 
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predict, as a result, Drioli et al. (1993) introduced a deviation coefficient (ε) that uses the 

pure component flux (Ji
0) as a reference to determine the effect of coupling in mixtures: 

ε =
𝐽𝑖

𝐽𝑖
0𝑥𝑖

=
𝐽𝑖

𝑛

𝐽𝑖
0  Equation 2-2 

With 𝐽𝑖
𝑛 =

𝐽𝑖

𝑥𝑖
 the normalised permeation rate and Ji the partial flux of component i in the 

mixture. 

When the deviation coefficient is unity, there are no coupling effects and pervaporation is in 

the ideal permeation situation. When ε>1, the permeation of component i is enhanced by the 

presence of the other components, while ε<1 implies that the permeation is hindered by 

coupling effects. 

2.3.4 Concentration polarisation 

Concentration polarisation is a common phenomenon that is frequently observed in 

membrane processes.  Concentration polarisation is caused by the build-up of the rejected 

material near the surface of the membrane (Brüschke, 2001; Neel, 1991).  This additional 

layer at the membrane surface has a higher concentration of the rejected or slower 

permeating components and a lower concentration of the faster permeating components 

than the bulk fluid.  This restraining layer hinders the transport of the faster permeating 

components, which can lead to a decrease in the permeation rate of the faster permeating 

components and an increase in the permeation rate of the slower permeating components.  

Concentration polarisation can therefore affect the flux and the selectivity through the 

membrane (Brüschke, 2001; Feng & Huang, 1997; Smitha et al., 2004).   

Concentration polarisation is a phenomenon that is frequently overlooked in pervaporation 

processes.  It is generally assumed that concentration polarisation effects are negligible 

when the permeation fluxes are low.  However, Feng and Huang (1997) have proven that 

concentration polarisation is also affected by hydrodynamic conditions.  The effect of 

concentration polarisation is more severe if the faster permeating components are present at 

low concentrations (Jiraratananon et al., 2002).   

The concentration polarisation index (CPI) has been introduced as a measure of 

concentration polarisation (Bhattacharya & Hwang, 1997; She & Hwang, 2006).  The 

concentration polarisation index is calculated as the ratio of the concentration of the 

component at the membrane surface (Ci,m) to the concentration of the component in the bulk 

feed (Ci,b).   
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CPI =
Ci,m

𝐶𝑖,𝑏
 Equation 2-3 

The more the concentration polarisation index deviates from unity, the greater the 

concentration polarisation. 

A schematic diagram of concentration polarisation is given in Figure 2-5. 

 

Figure 2-5: Schematic diagram of concentration polarisation 

2.3.5 Fouling 

Fouling can be described as the coating or blockage of a membrane surface by solids or 

gelatinous materials (Goosen et al., 2009; Li & Elimelech, 2004; Lipnizki et al., 1999).  The 

accumulation of materials on the surface of the membrane reduces the effective area of the 

membrane, causing a decrease in flux (Humphrey & Keller, 1997; Porter, 1990).  The 

formation of an additional non-selective resistance on the membrane surface can also lead 

to a decrease in the overall selectivity of the membrane.  Fouling is often observed in 

pressure-driven membrane processes, such as ultrafiltration, while pervaporation processes 

are rarely affected by fouling (Smitha et al., 2004).  According to Lipnizki et al., (1999) and 

Smitha et al. (2004), fouling in pervaporation processes can be prevented by (1) adding 

additional filtering systems, such as a ultrafiltration unit, before the pervaporation unit, (2) by 

operating in a highly turbulent flow regime and (3) cleaning the membranes semi-

continuously. 
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2.3.6 Process variables 

Process variables can have a significant effect on the performance of pervaporation 

membranes.  Various studies have focussed on the effect of feed composition, temperature, 

permeate pressure and membrane properties on the flux and selectivity through 

pervaporation membranes.   

2.3.6.1 Feed composition 

Pervaporation membranes are affected by the concentration and composition of the feed 

mixture.  During permeation, the component with the highest affinity for the membrane is 

absorbed into and diffused though the membrane, which causes the membrane to swell.  

Various studies have found that a higher concentration of the faster permeating component 

in the feed results in a high overall flux and low selectivity (Toth & Mizsey, 2015; Yoshida & 

Cohen, 2003).  The permeation rate of the faster permeating component will increase as a 

result of the higher level of this component in the feed, which in turn will cause additional 

membrane swelling (Mohammadi et al., 2005; Smitha et al., 2004; Toth & Mizsey, 2015).  

Membrane swelling increases the membrane free volume (Mohammadi et al., 2005; Toth & 

Mizsey, 2015), which makes it easier for the other components to absorb into the 

membrane.  The higher permeation of the other components ultimately reduces the 

selectivity of the membrane (Mohammadi et al., 2005; Jiraratananon et al., 2002). 

The effect of the feed composition on the flux and selectivity through various pervaporation 

membranes are summarised in Table 2-2. 

2.3.6.2 Temperature 

During pervaporation, the volatilisation of the permeating molecules is required for 

successful separation.  A temperature gradient is established along the thickness of the 

membrane as a result of the thermal energy consumed during vaporisation.  The 

temperature at the feed side of the membrane is therefore higher than at the permeate side.  

Since the feed stream is the only source of thermal energy in the process, it is generally 

beneficial to operate at elevated feed temperatures (Lipnizki et al., 1999).  

Temperature influences both the solubility and diffusivity of components through the 

membrane.  As a result, an increase in temperature leads to an increase in membrane flux 

(Jiraratananon et al., 2002; Mohammadi et al., 2005), which follows an Arrhenius-type law 

(Feng & Huang, 1997; Smitha et al., 2004): 

ln 𝐽 = ln 𝐽0 −
𝐸𝑝

𝑅𝑇
 Equation 2-4 
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Where J is the flux, J0 is the pre-exponential factor, R is the gas constant, T is the 

temperature and Ep is the apparent activation energy for pervaporation. 

An increase in temperature increases the amount of free volume in the membrane due to the 

thermal motion of the polymer chains in the membrane’s amorphous regions (Yahaya, 

2008).  The free volume increases the total and partial fluxes of all the components.  It is 

generally found that the selectivity of the membrane is less affected by temperature than the 

flux, but a small decrease in the selectivity is often reported due to the higher partial fluxes of 

the other components in the feed (Böddeker, 1990; Jiraratananon et al., 2002; Smitha et al., 

2004; Yahaya, 2008). 

Various authors studied the effect of temperature on the flux and selectivity of pervaporation 

membranes, as shown in Table 2-3. 

2.3.6.3 Permeate pressure 

Permeate pressure is one of the most important process variables in pervaporation since it 

causes a chemical potential gradient across the membrane, which is the driving force for 

pervaporation (Lipnizki et al., 1999; Smitha et al., 2004; Ten & Field, 2000; Yahaya, 2008).  

The flux through the membrane can be increased by lowering the pressure at the permeate 

side of the membrane.  The selectivity of the membrane will stay relatively constant as long 

as the partial pressure on the permeate side does not exceed the saturation vapour pressure 

of the permeate (Böddeker, 1990; Neel, 1991).  When the partial pressure on the permeate 

side exceeds this limit, the flux will decrease and the selectivity will either increase or 

decrease depending on the volatility of the components in the feed (Neel, 1991).  An 

increase in selectivity can be expected at higher permeate pressures if the faster permeating 

component is also more volatile (Neel, 1991).  Unfortunately, the cost of maintaining a very 

low permeate pressure is substantial.  It is therefore necessary to find a balance between 

vacuum costs and permeation rates (Lipnizki et al., 1999; Ten & Field, 2000; Yahaya, 2008). 

Table 2-4 summarises the results of various pervaporation studies that focused on the effect 

of permeate pressure on flux and selectivity. 

2.3.6.4 Membrane properties 

Membranes can be made from various organic and inorganic materials and can have 

different morphologies as discussed in Section 2.2.2.  In pervaporation processes, 

components are separated based on their relative affinity to the membrane material.  It is 

therefore important to select the correct membrane material for each specific separation to 

ensure optimal results. 
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Another important property of a membrane is its thickness.  At a low permeate pressure the 

flux is generally proportional to the reciprocal thickness of the membrane (Baker et al., 1997; 

Qunhui et al., 1995), as long as the diffusion of the components through the membrane is 

the rate controlling step.  Thin membranes are therefore required for high fluxes.  Deviations 

from this relationship may be noticed if the permeate pressure were to approach the 

saturated vapour pressure of the permeate.  In that case, desorption of the permeate may be 

hindered and become the rate-controlling step (Neel, 1991).  
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Table 2-2: Effect of feed composition on pervaporation studies 

Mixture Membrane Feed conditions Effect on total flux  

(kg.m-2h-1) 

Effect on selectivity 

(separation factor α) 

Reference 

Ethyl acetate (EA), 

and water 

Hydrophobic  silica 

membrane on a porous 

alumina support with γ-

alumina interlayer 

Feed: 5-13 wt% EA 

Temperature: 313 K 

Permeate pressure: 40 Pa 

 

Min: 2.15 at 5 wt% 

Max:2.72 at 13 wt% 

 

αEA, water 

Min: 49 at 13 wt% 

Max: 216 at 5 wt% 

Araki et al. (2011) 

Water and ethanol Composite hydrophilic 

membrane prepared from 

chitosan and 

hydroxyethylcellulose 

Feed: 5-30 wt% water 

Temperature: 333K 

Permeate pressure: 0.4 kPa 

 

Min: 0.2 at 5 wt% 

Max: 1.75 at 30 wt% 

αwater,ethanol 

Min: 99 at 30 wt% 

Max: 21,000 at 5 wt% 

Jiraratananon et al. 

(2002)   

Water and methanol PDMS membrane Feed: 0.3-3 wt% methanol 

Temperature: 303 K 

Pressure: 0.9 kPa 

Min: 0.37 at 0.3 wt% 

Max: 0.56 at 3 wt% 

 

αmethanol,water 

Min: 1.9 at 3 wt% 

Max: 7.8 at 0.3 wt% 

Mohammadi et al. 

(2005) 

Acetic acid and water Sn- substituted ZSM-5 

zeolite membranes 

Feed: 1-30 wt% acetic acid 

Temperate: 343 K 

Pressure: 0.4 kPa 

Min: 0.16 at 30 wt% 

Max: 0.55 at 1 wt% 

αacetic acid,water 

Min: 1.9 at 30 wt% 

Max: 7 at 1 wt% 

Sun et al. (2009) 

Methanol and methyl 

tert-butyl ether 

(MTBE) 

Poly(vinyl pyrrolidone) 

(PVP) membranes 

Feed: 5-95 vol% methanol 

Temperature: 293 K 

Permeate pressure: 0.27 kPa 

 

Min: 0.55 at 5 vol% 

Max: 6.2 at 95 vol% 

 

αmethanol,MTBE 

Min: 3.2 at 95 vol% 

Max: 25.9 at 5 vol% 

Yoshida and 

Cohen (2003) 

Water and ethanol PDMS membranes Feed: 3-9 wt% ethanol 

Temperature: 314 K 

Permeate pressure: 0.1 kPa 

Min: 0.12 at 3 wt% 

Max: 0.14 at 9 wt% 

 

αethanol,water 

Min: 4.6 at 3 wt% 

Max: 4.7 at 6 wt% 

Dobrak et al. 

(2010) 
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Table 2-3: Effect of temperature on pervaporation studies 

Mixture Membrane Feed conditions Effect on total flux  

(kg.m-2h-1) 

Effect on selectivity 

(separation factor α) 

Reference 

Ethyl acetate and 

water 

Hydrophobic  silica 

membrane on a porous 

alumina support with γ-

alumina interlayer 

Temperature: 303-323 K 

Feed: 5 wt% EA 

Permeate pressure: 40 Pa 

 

Min: 2.15 at 303 K 

Max: 2.36 at 323 K 

αEA, water 

Min: 198 at 323 K 

Max: 220 at 303 K 

Araki et al. (2011) 

Water and ethanol hydrophilic membrane 

prepared chitosan and 

hydroxyethylcellulose 

Temperature: 323-343 K 

Feed: 10% water 

Permeate pressure: 0.4 kPa 

Min: 0.38 at 323 K 

Max: 0.47 at 30 wt% 

 

αwater,ethanol 

Min: 3000 at 343 K 

Max: 6493 at 323 K 

Jiraratananon et al. 

(2002)   

Acetic acid and water Sn- substituted ZSM-5 

zeolite membranes 

Temperature: 303 to 363 K 

Feed: 5 wt% acetic acid 

Pressure: 0.4 kPa 

Min: 0.23 at 303 K 

Max: 0.48 at 363 K 

αacetic acid,water 

Min: 3 at 303 K 

Max: 7.7 at 363 K 

Sun et al. (2009) 

Water and ethanol Organophilic nano-silica  

filled polydimethylsiloxane 

composite membrane 

Temperature: 303-343 K 

Feed: 5wt% ethanol 

Permeate pressure: 100 kPa 

Min: 0.01 at 303 K 

Max: 0.21 at 343 K 

More selective for 

ethanol 

αethanol,water 

Min: 13 at 303 K 

Max: 30 at 333K 

Sun et al. (2013) 

Benzene, toluene, 

ethyl benzene, 

xylene (BTEX) and 

water 

Hydrophobic polypropylene 

hollow fibers coated with 

vinyl-terminated silicone 

and PDMS 

Temperature: 303-323 K 

Feed: 0.01 wt% BTEX 

Permeate pressure: 0 kPa 

Min: 0.37 at 303 K 

Max: 0.89 at 323 K 

 

αBTEX,water 

Min: 1054 at 323 K 

Max: 2103 at 303 K 

Yahaya (2008)   

Water and ethanol PDMS membranes Temperature: 314-334 K 

Feed: 3 wt% ethanol 

Permeate pressure: 0.1 kPa 

Min: 0.12 at 314 K 

Max: 0.29 at 334 K 

αethanol,water 

Min: 4.6 at 314 K 

Max: 6.3 at 334 K 

Dobrak et al. 

(2010) 
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Table 2-4: Effect of permeate pressure on pervaporation studies 

Mixture Membrane Feed conditions Effect on total flux  

(kg.m-2h-1) 

Effect on selectivity 

(separation factor α) 

Reference 

Water and ethanol Composite hydrophilic 

membrane prepared from 

chitosan and 

hydroxyethylcellulose 

Permeate pressure: 0.4-4 kPa  

Feed: 10 wt% water 

Temperature: 333K 

 

Min: 0.12 at 4 kPa 

Max: 0.43 at 0.4 kPa 

 

αwater,ethanol 

Min: 2220 at 4 kPa 

Max: 5480 at 0.4 kPa 

Jiraratananon et 

al. (2002) 

Water and ethanol Organophilic nano-silica  

filled polydimethylsiloxane 

composite membrane 

Permeate pressure: 75-100 

kPa 

Feed: 5wt% ethanol 

Temperature: 333 K 

Min: 0.01 at 75 kPa 

Max: 0.11 at 100 kPa 

 

αethanol,water 

Min: 10.6 at 75 kPa 

Max: 28.3 at 100 kPa 

Sun et al. (2013) 

Benzene, toluene, 

ethyl benzene, 

xylene (BTEX) and 

water 

Hydrophobic polypropylene 

hollow fibers coated with 

vinyl-terminated silicone 

and PDMS 

Permeate pressure: 0-21 kPa 

Feed: 0.01 wt% BTEX 

Temperature: 303 K 

Min: 0.01 at 21 kPa 

Max: 0.33 at 0 kPa 

 

αBTEX,water 

Min: 1079 at 0 kPa 

Max: 6365 at 21 kPa 

Yahaya (2008)   

FCC gasoline for 

removal of sulfur 

Cross-linked polyethylene 

glycol membranes 

Permeate pressure: 20-200 Pa 

Feed: 1464.1 µg/g sulfur 

content 

Temperature: 373 K 

Min: 0.73 at 200 Pa 

Max: 0.76 at 20 Pa 

αsulfur 

Min: 5.9 at 20 Pa 

Max: 6.6 at 200 Pa 

Lin et al. (2006) 

Water and methylene 

dichloride (MD) 

Polyimide membranes Permeate pressure: 240-910 

Pa 

Feed: 0.1 wt% MC 

Temperature: 303 K 

Min: 0.0042 at 910 Pa 

Max: 0.0072 at 240 Pa 

 

αMD,water 

Min: 38 at 240 Pa 

Max: 79 at 910 Pa 

Kim et al. (2000) 
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 Recovery of components from kraft-based effluent steams 2.4

Various studies have recently been published on the separation of kraft-based effluent 

streams using ultrafiltration, nanofiltration and reverse osmosis (Ahsan et al., 2012; Ahsan et 

al., 2014; Sainio et al., 2013; Shen et al., 2013; Wang et al., 2015, Zhou et al., 2013).  These 

effluent streams usually contain phenolic components and lignin, which are known to cause 

fouling of membranes (Gautam & Menkhaus, 2014; Wang et al., 2015).  Most of these 

studies had to incorporate other processes, such as adsorption on activated carbon (Ahsan 

et al., 2012; Ahsan et al., 2014), or extra membrane stages (Sainio et al., 2013) prior to 

filtration to reduce fouling.  

Ahsan et al. (2014) examined the recovery of acetic acid and hemicellulosic sugars from a 

kraft-based prehydrolysis liquor (PHL) using activated carbon, nanofiltration and reverse 

osmosis.  The PHL were first treated with activated carbon at room temperature for 5 hours 

using a PHL to activated carbon ratio of 20:1.  The activated carbon absorbed 88 wt% of 

lignin, 87 wt% of furfural, 15 wt% acetic acid and 4 wt% of sugars.  The treated PHL was 

then further separated using two nanofiltration membrane stages with a molecular weight cut 

off of 150-300.  The nanofiltration membranes retained 99.6 wt% of the oligomeric sugars 

present in the treated PHL, 86.5 wt% of the monomeric sugars and 92.7 wt% of the lignin, 

whereas 80.69 wt% of the acetic acid permeated through.  Three reverse osmosis stages 

(molecular weight cut off of 0) were then used to purify the permeate from the nanofiltration 

stages.  The permeate from the final membrane stage consisted primarily out of water, and 

small amounts of acetic acid (0.65 g/L) and monomeric sugars (0.47 g/L). 

Similarly, Shen et al. (2013) studied the combined effect of activated carbon adsorption, ion 

exchange resin treatment and nanofiltration on the recovery of lignin, furfural, acetic acid and 

hemicellulosic sugars from a kraft based PHL.  It was found that 85% of the lignin and 65% 

of the furfural were removed during the activated carbon step, followed by a 70% removal of 

acetic acid with ion exchange resin treatment.  Nanofiltration was used as the last step to 

concentrate the oligomeric and monomeric sugars.  The retentate contained 22% 

hemicellulosic sugars while furfural, lignin and acetic acid were present at less than 1%. 

Zhou et al. (2013) compared the performance of nanofiltration and reverse osmosis for the 

separation of acetic acid from an acidic hydrolysate.  Larger molecules, i.e. 

monosaccharides, were retained by the membranes while acetic acid permeated through the 

membranes.  It was observed that reverse osmosis membranes were able to retain more 

monosaccharides than nanofiltration membranes.  As a result, the acetic acid-glucose 

separation factor for reverse osmosis (αacetic acid,glucose = 348.7) was much higher than that of 

nanofiltration (αacetic acid,glucose = 56.5).   
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Wang et al. (2015) coupled laccase treatment and nanofiltration to separate hemicellulosic 

sugars from the prehydrolysis liquor of a kraft dissolving pulp.  The laccase treatment was 

used to improve the filterability of the nanofiltration membrane by removing lignin.  The 

nanofiltration membrane (molecular weight cut off of 160-200) concentrated the total sugars 

(monomers and oligomers) from 58.4 g/L in the PHL to 172 g/L in the retentate.  Most of the 

residual lignin was also retained by the membrane while 65% of the acetic acid was 

removed as part of the permeate. 

 Concluding remarks 2.5

Various separation methods have been employed for the recovery of valuable components 

from effluent steams originating from paper and pulp mills.  A large portion of these studies 

included membrane processes such as ultrafiltration, nanofiltration and reverse osmosis. To 

our knowledge, pervaporation has never been used for the fractionation of an acidic 

hydrolysate stream.  Very few studies have also focussed on the recovery of organic 

components from multicomponent aqueous solutions.  This study will therefore be focussing 

on the fractionation of an acidic hydrolysate from steam treated wood using pervaporation 

membranes. 
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Chapter 3                       

Membrane screening 

Overview 

This chapter highlights the importance of selecting the correct membrane for a specific 

application.  Seven pervaporation membranes were chosen for screening based on specific 

properties such as stability in harsh operating conditions.  The selected membranes needed 

to be suited for the recovery of furfural and organic acids from the acidic hydrolysate from 

steam treated wood.  
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 Membrane selection 3.1

Pervaporation membranes are designed for specific applications and conditions and should 

be selected accordingly.   

Seven different pervaporation membranes were chosen for screening in this study.  The 

decision tree given in Figure 3-1 was used to identify the most suited membranes for the 

fractionation of an acidic hydrolysate from steam treated wood. 

3.1.1 Applicability 

The aim of this study was to remove organic acids and furfural from an acidic hydrolysate 

from steam treated wood.  The chosen membranes therefore had to be selective towards 

organic components (organophilic).  A list of the seven pervaporation membranes with their 

corresponding applications is given in Table 3-1. 

The PERVAP 2256, PERVAP 2255-30 and PERVAP 2255-70 membranes were not suitable 

for the removal of organic components and were therefore discarded. 

3.1.2 Compatibility 

The selected membranes had to be able to comply with the imposed feed and process 

conditions.  The acidic hydrolysate has a pH of 3.7 ± 0.1 and consists of 96.4 ± 0.2 wt% 

water and 0.58 ± 0.03 wt% organic acids. 

From Table 3-1 it can be observed that all the membranes purchased from Sulzer Chemtech 

(Germany) have limitations regarding the pH, the water content or the organic acids content 

of the acidic hydrolysate.  As a result, the PERVAP 4060 and the PERVAP 2210 

membranes were also discarded from this investigation.  The two membranes that were 

purchased from Pervatech B.V. (Netherlands), i.e. the polyether block amine (PEBA) and the 

polydimethylsiloxane (PDMS) membranes, were the only membranes that met all the 

necessary criteria for the fractionation of an acidic hydrolysate and was therefore chosen for 

swelling experiments to determine the affinity of the membranes towards the components 

present in the hydrolysate used in this study. 
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Figure 3-1: Decision tree for selection of suitable pervaporation membrane 
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Table 3-1: Applications and limits of operation of various pervaporation membranes (Pervatech, 2015; Sulzer, 2015) 

Membrane Supplier Applications Max operating 

temperature (°C) 

Max. water in feed 

(%) 

pH Other Limitations 

PERVAP 4060 Sulzer Chemtech 

(Germany) 

Removal of volatile 

organics from water 

80 - 5-7 Organic acids: ≤ 1% 

Aromatic amines: ≤ 0.1% 

Special solvents (DMF, DMSO 

etc): ≤ 0.1% 

PERVAP 2210 Sulzer Chemtech 

(Germany) 

Volatile organics and 

their mixtures 

95 < 30 5-7 Aprotic solvents: < 0.1%  

Aldehydes and derivates: ≤ 10 

ppm 

Organic acids: < 0.1% 

PERVAP 2256 Sulzer Chemtech 

(Germany) 

Removal of methanol 

and ethanol from 

organics 

Low water content 

dehydration 

80 ≤ 3 7 Aprotic solvents, mineral acids, 

alkali, orgnanic acids, formic 

acids, amines 

PERVAP 2255-30 Sulzer Chemtech 

(Germany) 

Removal of methanol 

from organics 

Dehydration 

85 ≤ 15 5-7 Organic acids: < 500 ppm 

PERVAP 2255-70 Sulzer Chemtech 

(Germany) 

Removal of methanol 

from organics 

Dehydration 

85 ≤ 15 5-7 Organic acids: < 500 ppm 

PEBA Pervatech B.V. 

(Netherlands) 

Recovery of organics 

from natural feeds 

Removal of alcohols 

Removal of volatile 

organics 

80 - 3-8 Pressure: < 5 bar 

PDMS Pervatech B.V. 

(Netherlands) 

Recovery of organics 

from natural feeds 

Removal of alcohols 

Removal of volatile 

organics 

80 - 1-12 Pressure: < 5 bar 
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3.1.3 Affinity 

The acidic hydrolysate contained water, organic acids, furfural, hemicellulosic sugars and 

lignin fractions.  Ideally, the selected membrane had to be able to remove organic acids and 

furfural from the acidic hydrolysate.   It was therefore necessary to determine whether the 

selected membranes have a high affinity towards these components.  The affinity of the 

selected membranes towards water was also an important factor to consider since the acidic 

hydrolysate consisted primarily of water. 

Pure component sorption experiments were carried out with water, acetic acid and furfural 

according to standard methods, as given in Appendix B (Chovau et al., 2011; Qiao & Chung, 

2005).  The degree of membrane swelling was calculated to demonstrate the relative affinity 

of the membrane towards the corresponding solvents.  

A summary of the results is presented in Table 3-2.  Both membranes showed a high affinity 

towards acetic acid and furfural since a high degree of swelling was obtained for both 

solvents.  The degree of swelling with pure water was around 15 wt% for both membranes, 

which indicated that the membranes have a low affinity towards water.     

Since both the PEBA and PDMS membranes showed high affinity towards acetic acid and 

furfural, it was decided to use both membranes during the pervaporation experiments. 

Table 3-2: Degree of swelling of the PDMS and PEBA membranes in pure solvents 

 Degree of swelling (wt%) 

Component PDMS PEBA 

Acetic acid 110 ± 12 106 ± 3 

Furfural 86 ±13 98 ± 15 

Water 15 ± 1.8 15 ± 1.3 

 

 Concluding remarks 3.2

Pure component sorption experiments were used as a preliminary test to determine the 

affinity of the chosen membranes towards acetic acid, furfural and water.  The screening 

results only gave an indication that the membranes were more selective towards acetic acid 

and furfural than water when working with pure components.  It is known that the degree of 

swelling of the membrane will be higher if the concentration of the faster permeating 

component is higher in the feed (González-Marcos et al., 2004).  The selectivity of the 

chosen membranes towards furfural and acetic acid when these components are present in 

low concentrations were thus further investigated. 
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Chapter 4                        
Fractionation of an acidic hydrolysate from steam 

treated wood using pervaporation and a polyether 

block amine (PEBA) membrane 
Overview 

A commercially available polyether block amine (PEBA) membrane was used for the 

recovery of acetic acid and furfural from an acidic hydrolysate from steam treated wood.  

The effect of temperature on the flux and selectivity was investigated by increasing the 

temperature from 40°C to 80°C.  The total flux increased with temperature according to an 

Arrhenius-type law and a maximum flux of 1203 ± 39 g.m-2.h-1 was obtained at 80°C.  The 

PEBA membrane separated water and trace amounts of furfural and acetic acid from the 

acidic hydrolysate, while retaining 100% of the sugars, polysaccharides and lignin.  The 

PEBA membrane was not selective towards organic components during the acidic 

hydrolysate experiments since the maximum acetic acid and furfural enrichment factors were 

0.022 ± 0.003 and 0.103 ± 0.005, respectively.  The permeate from the acidic hydrolysate 

experiments consisted of 99.9 wt% water, which means that the PEBA membrane was more 

suited for the recovery and purification of water from the acidic hydrolysate.  The 

experiments were repeated using pure water, an acetic acid-water mixture and a furfural-

water mixture.  The maximum total flux obtained from the pure water, acetic acid-water 

mixture and furfural-water mixture experiments were 3515 ± 206, 4017 ± 219 and 3794 ± 62 

g.m-2.h-1, respectively.  Compared to the acidic hydrolysate experiments, the PEBA 

membrane was more selective towards acetic acid (maximum αa,w = 0.50) and furfural 

(maximum αf,w = 3.78) during the binary mixture experiments.  The inferior performance of 

the PEBA membrane in terms of the recovery of organic acids and furfural from the acidic 

hydrolysate can be ascribed to concentration polarisation.  Fick’s law and the solution-

diffusion model were used to model the partial water flux from the acidic hydrolysate 

experiments.  It was found that Fick’s law was more accurate in predicting the partial water 

flux than the solution-diffusion model. 

Keywords: Pervaporation, polyether block amine membrane, acidic hydrolysate, acetic acid, 

furfural, concentration polarisation, Fick’s law, solution-diffusion model 
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 Background 4.1

Various industries are capable of reducing their environmental footprint and expanding into 

new profitable branches by recovering valuable components from waste streams.  Industries 

that use lignocellulosic materials as feedstock, such as the paper and pulp industry, can 

ultimately be converted into biorefineries (Shen et al., 2012; Van Heiningen, 2006).  

Biorefineries produce multiple products from one feedstock to increase the profitability of the 

entire process (Kamm et al., 2006; Liu et al., 2012; Maartens et al., 2002; Saeed et al., 

2012). 

One of the most important steps in the production of dissolving pulp is the removal of 

hemicelluloses from wood chips prior to pulping and bleaching (Li et al., 2012; Saeed et al., 

2011; Shen et al., 2013).  The removal of hemicelluloses from the wood chips is critical for 

the production of high quality products (Liu et al., 2011; Shen et al., 2013).  During this step, 

wood chips are treated with steam (Gütsch & Sixta, 2012; Shen et al., 2013), which causes 

the hemicelluloses to dissolve into the acidic hydrolysate (Gütsch & Sixta, 2012; Li et al., 

2012; Liu et al. 2011; Shen et al., 2011).  Hemicellulose is a matrix of polysaccharides that 

include monomeric sugars such as arabinose, xylose, glucose, mannose and galactose 

(Bierman, 1996; Várnai et al., 2010).  Along with these monomeric sugars, the acidic 

hydrolysate can also contain dissolved lignin, furfural and organic acids (Li et al., 2012; 

Saeed et al., 2011; Shen et al., 2011).  The monomeric sugars from this effluent can be 

fermented to ethanol, which has high commercial value.  Unfortunately, organic acids and 

furfural are known inhibitors of fermentation (Ahsan et al., 2012; Cai et al., 2013; Liu et al., 

2012; Qi et al., 2011; Shen et al., 2011) and should therefore be removed from the effluent 

stream prior to fermentation.  Apart from being inhibitors of fermentation, furfural and organic 

acids are also valuable chemicals.  The recovery of these compounds can therefore be 

profitable if the operating cost of the selected separation process is low.  

In recent years, various studies focussed on membrane technology as a separation process 

since it is low-energy consuming and environmentally friendly (Agashichev, 2012; Fouad & 

Feng, 2008; Lipnizki et al., 1999).  Some of these studies focussed on the separation of 

acetic acid and/or furfural from kraft-based effluent streams (Ahsan et al., 2012; Ahsan et al., 

2014; Sainio et al., 2013; Wang et al., 2015) using ultrafiltration, nanofiltration or reverse 

osmosis.  Most of these studies had to incorporate other processes, such as adsorption on 

activated carbon (Ahsan et al., 2012; Ahsan et al., 2014), or extra membrane stages (Sainio 

et al., 2013) prior to filtration to reduce fouling.   

Pervaporation is a relatively new membrane technology that uses nonporous membranes 

(Feng & Huang, 1997; Smitha et al., 2004), which is more resistant to fouling than other 
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membranes (Bolto et al., 2009; Smitha et al., 2004; Wang et al., 2016).  Unlike other 

membrane processes, pervaporation does not separate components based on molecular 

sizes, instead the relative affinity of the membrane towards one or more of the components 

in the feed brings about separation (Marx et al., 2005; Shao & Huang, 2007).  To ensure 

continuous transport through the membrane, a vacuum pump or purge gas is placed on the 

permeate side of the membrane.  Components that absorb into the membrane will evaporate 

due to the low pressure at the permeate side.  Components that undergo this phase change 

consumes latent heat, therefore this process is more energy efficient when there is a low 

concentration of the preferentially permeable component in the feed (Araki et al., 2011; Shao 

& Huang, 2007; Sun et al., 2009).  Pervaporation might therefore be the ideal separation 

method for the recovery of organic acids and furfural from the acidic hydrolysate since these 

components are present as minor components. 

This chapter reports on the removal of acetic acid and furfural from the acidic hydrolysate 

using a polyether block amine (PEBA) membrane.  The performance of the membrane was 

evaluated at different temperatures by calculating the flux and selectivity.  In addition, 

phenomena such as concentration polarisation and coupled transport were investigated by 

comparing the results from the acidic hydrolysate experiments to that of pure and binary 

mixtures.  The applicability of Fick’s law and the solution-diffusion model were also 

evaluated. 

 Theory 4.2

4.2.1 Membrane performance parameters 

The flux, which is also known as the permeation rate, is calculated as the amount of 

permeate collected per unit membrane area per unit time (Feng & Huang, 1997; 

Matuschewski & Schedler, 2008; Neel, 1991).  According to Neel (1991), pervaporation 

fluxes are usually less than 2000 g.m-2h-1.  The total flux through the membrane can be 

calculated with Equation 4-1, where Wp is the total mass of the permeate, Am is the effective 

membrane area, and t is the collection time of the permeate. 

𝐽𝑡𝑜𝑡𝑎𝑙 =
𝑊𝑝

𝐴𝑚 . 𝑡
 Equation 4-1 

The partial flux of an individual component can then be calculated using Equation 4-2. 

𝐽𝑖 = 𝐽𝑡𝑜𝑡𝑎𝑙𝑤𝑖
𝑝
 Equation 4-2 

Where wi
p is the weight fraction of component i in the permeate. 
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The selectivity of the membrane indicates how selective the membrane is towards a certain 

component in the feed.  For a binary mixture, the selectivity is expressed as a separation 

factor and is calculated using Equation 4-3. (Cunha et al., 2002; Feng & Huang, 1997; 

Ghosh et al., 2007; Neel, 1991; Rautenbach, 1990).  The separation factor (α) describes 

how selective a membrane is towards one component (i) relative to another (j). 

𝛼𝑖,𝑗 =
(𝑤𝑖/𝑤𝑗)𝑝

(𝑤𝑖/𝑤𝑗)𝑓
 Equation 4-3 

Where wi and wj are the weight fractions of components i and j in the permeate (p) and feed 

(f), respectively. 

No separation occurs when the separation factor is unity.  Separation factors larger than one 

indicate that the membrane is more selective towards component i than j, while values below 

one indicate that the membrane is more selective towards component j. 

When working with multi-component mixtures, an enrichment factor, β, is used to calculate 

the selectivity instead of the separation factor (Baudot & Marin, 1997; Katarzynski & Staudt-

Bickel, 2006).  The enrichment factor (β) of a permeating component can be calculated 

using Equation 4-4. 

β =
𝑤𝑖

𝑝

𝑤𝑖
𝑓
 Equation 4-4 

Ideally, both the flux and selectivity should be high for the separation to be considered 

efficient.  However, it has been observed that high fluxes usually correspond to lower 

selectivities, and vice versa.  As a result, Huang and Yeom (1990) introduced a parameter 

that includes both the selectivity and flux as an overall performance parameter.  This 

composite parameter is known as the pervaporation separation index (PSI). For a binary 

mixture the PSI is defined as: 

𝑃𝑆𝐼 = 𝐽𝑡𝑜𝑡𝑎𝑙(𝛼𝑖,𝑗 − 1) Equation 4-5 

While the PSI for a multicomponent mixture can be calculated using Equation 4-6 (Sosa et 

al., 2015) 

𝑃𝑆𝐼 = 𝐽𝑡𝑜𝑡𝑎𝑙 × β Equation 4-6 

 

4.2.2 Mass transport in pervaporation 

The mass transport of a component through a pervaporation membrane can be described 

using Fick’s first law of diffusion (Henley et al., 2011; Welty et al., 2008).  Fick’s diffusion 
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equation uses the concentration gradient across the membrane to describe permeation, as 

seen in Equation 4-7. 

𝐽𝑖 = −𝐷𝑖

𝑑𝐶𝑖

𝑑𝑥
 Equation 4-7 

This equation can be rewritten as: 

𝐽𝑖 = −𝐷𝑖

𝐶𝑖,𝑚 − 𝐶𝑖,𝑝

𝑙
 Equation 4-8 

Where J is the flux of component i, D is the diffusion coefficient (m2.s-1), l is the membrane 

thickness (m), Ci,m is the concentration of component i on the membrane surface and Ci,p is 

the concentration of component i in the permeate. 

The temperature dependence of the diffusion coefficients (Di) is given by an Arrhenius-type 

law (Feng & Huang, 1997). 

Di = D0exp (−
𝐸𝐷

𝑅𝑇
) Equation 4-9 

Where D0 is the pre-exponential factor, R is the gas constant, T is the temperature and ED is 

the activation energy of diffusion.    

In pervaporation, the permeation of components depends on both their solubility in and their 

diffusivity through the membrane.  For the calculation of the activation energy of permeation, 

it is necessary to take both the solubility and the diffusivity into account.  According to Feng 

and Huang (1997), the permeability coefficient can be calculated using Equation 4-10. 

P = DS Equation 4-10 

Where D is the diffusivity coefficient and S is the solubility coefficients. 

The temperature dependence of diffusivity (D) and the solubility (S) coefficients is given in 

Equation 4-9 and Equation 4-11. 

Si = S0exp (−
Δ𝐻𝑠

𝑅𝑇
) Equation 4-11 

Where S0 is a pre-exponential factor and ∆Hs is the heat of sorption of the permeant in the 

membrane. 

The temperature dependence of the permeability coefficient (P) can then be calculated with 

the following relation: 

Pi = P0exp (−
Ep

𝑅𝑇
) Equation 4-12 



School of Chemical and Minerals Engineering 

 

48 
 

Where P0 is the pre-exponential factor and Ep is the activation energy of permeation. 

The activation energy of permeation can be calculated using the solution-diffusion model 

(Feng & Huang, 1997; Wijmans & Baker, 1995).  The solution-diffusion model uses the 

pressure gradient across the membrane to describe the permeation through a nonporous 

membrane (Feng & Huang, 1997; Wijmans & Baker, 1995), as seen in Equation 4-13. 

Ji =
𝑃𝑖

𝑙
(𝑥𝑖𝛾𝑖𝑝𝑖

𝑠𝑎𝑡 − 𝑦𝑖𝑝𝑝) Equation 4-13 

Where Pi is the permeability through the membrane, l is the membrane thickness, xi is the 

feed mole fraction, γi is the activity coefficient, pi
sat is the saturated vapour pressure, yi is the 

permeate mole fraction and pp is the total permeate pressure.   

The solution–diffusion model can be written in terms of temperature dependence by 

combining Equation 4-12 and Equation 4-14. 

Ji

𝛥𝑝
=

𝑃0

𝑙
exp (−

𝐸𝑝

𝑅𝑇
) Equation 4-14 

Aspen Plus® version 8.6 with the UNIFAC activity coefficient model was used to determine 

the activation coefficients, while the Antoine equation was used to calculate saturated 

vapour pressures.    

4.2.3 Concentration polarisation 

Concentration polarisation is a common phenomenon that is frequently observed in 

membrane processes.  Concentration polarisation is caused by the build-up of the rejected 

material near the surface of the membrane (Brüschke, 2001; Neel, 1991).  This additional 

layer at the membrane surface has a higher concentration of the rejected or slower 

permeating components and a lower concentration of the faster permeating components 

than the bulk fluid.  This restraining layer hinders the transport of the faster permeating 

components, which can lead to a decrease in the permeation rate of the faster permeating 

components and an increase in the permeation rate of the slower permeating components.  

Concentration polarisation can therefore affect the flux and the selectivity through the 

membrane (Brüschke, 2001; Feng & Huang, 1997; Smitha et al., 2004).   

Concentration polarisation is a phenomenon that is frequently overlooked in pervaporation 

processes.  It is generally assumed that concentration polarisation effects are negligible 

when the permeation fluxes are low.  However, Feng and Huang (1994) have proven that 

concentration polarisation is also affected by hydrodynamic conditions.  The effect of 

concentration polarisation is more severe if the faster permeating components are present at 

low concentrations (Jiraratananon et al., 2002).  Various researchers have also observed 
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that concentration polarisation has a significant impact on the separation of volatile organic 

compounds (VOC) from dilute aqueous solutions (Feng & Huang, 1994; Vane et al., 1999; 

Yahaya, 2008).  It is therefore assumed that the permeation of VOC’s is affected by the 

boundary layer, while the permeation of water is only affected by the membrane (Feng & 

Huang, 1997; She & Hwang, 2004; Wijmans et al., 1996). 

The concentration polarisation index (CPI) has been introduced as a measure of 

concentration polarisation (Bhattacharya & Hwang, 1997; She & Hwang, 2006).  The 

concentration polarisation index is calculated as the ratio of the concentration of the 

component at the membrane surface (Ci,m) to the concentration of the component in the bulk 

feed (Ci,b).  It can also be calculated in terms of the liquid boundary layer mass transfer 

coefficient (ki,L) and the membrane mass transfer coefficient (ki,m) (She & Hwang, 2006).  . 

CPI =
Ci,m

𝐶𝑖,𝑏
=

𝑘𝑖,𝐿

𝑘𝑖,𝐿 + 𝑘𝑖,𝑚
 Equation 4-15 

The more the concentration polarisation index deviates from unity, the greater the 

concentration polarisation. 

The resistance-in-series model is commonly used in concentration polarisation calculations 

(Feng & Huang, 1997; Wijmans et al., 1996).  The overall mass transfer resistance (1/Ki) is 

calculated as the sum of the liquid boundary layer resistance (1/ki,L) and the membrane 

resistance (ki,m). 

1

Ki
=

1

𝑘𝑖,𝐿
+

1

𝑘𝑖,𝑚
  Equation 4-16 

According to Jiang et al. (1997) the overall mass transfer coefficient of component i (Ki) can 

be calculated using Equation 4-17 if Fick’s first law of diffusion is obeyed.  The derivation of 

the equations is given in Appendix H. 

𝐾𝑖 =
𝐽𝑖

𝐶𝑖,𝑏
  Equation 4-17 

If the diffusion coefficient of component i in the membrane (Di,m) is known, the membrane 

mass transfer coefficient can be calculated using Equation 4-18.  It was assumed that the 

effect of concentration polarisation during the binary mixture experiments was small 

compared to the effect of concentration polarisation during the acidic hydrolysate 

experiments.  The diffusion coefficients calculated from the binary mixture experiments were 

therefore used to calculate the mass transfer coefficient in the membrane (k i,m). 

𝑘𝑖,𝑚 =
𝐷𝑖

𝑙
 Equation 4-18 



School of Chemical and Minerals Engineering 

 

50 
 

The liquid boundary layer mass transfer coefficient (ki,L) can then be calculated using the 

resistance-in series model.  Once the ki,m and ki,L is known, the concentration polarisation 

index can be calculated. 

4.2.4 Coupling effects 

Coupled transport takes place when the permeation of certain components are affected by 

the presence of other components due to permeate-permeate interactions (thermodynamic 

coupling) and permeate-membrane interactions (kinetic coupling) (Mulder et al., 1983; Shao 

& Huang, 2007).   Coupling phenomena explains why the flux of a component in a binary or 

multi-component mixture differs from the pure component flux.  Coupling of fluxes is very 

difficult to quantify or predict, especially in relation to the separation properties. 

Drioli et al. (1993) introduced a deviation coefficient (ε) that uses the pure component flux 

(Ji
0) as a reference to determine the effect of coupling in mixtures: 

ε =
𝐽𝑖

𝐽𝑖
0𝑥𝑖

=
𝐽𝑖

𝑛

𝐽𝑖
0  Equation 4-19 

With 𝐽𝑖
𝑛 =

𝐽𝑖

𝑥𝑖
 the normalised permeation rate and Ji the partial flux of component i in the 

mixture. 

When the deviation coefficient is unity, there are no coupling effects present. When ε > 1, 

the permeation of component i is enhanced by the presence of the other components, while 

ε < 1 implies that the permeation is hindered by coupling effects.  

In this study, Equation 4-19 as adapted so that the deviation coefficient can be calculated 

using the partial flux of a component in a binary mixture as a reference.   

휀 =
𝐽𝑖,𝑚𝑢𝑙𝑡𝑖

𝑥𝑖,𝑚𝑢𝑙𝑡𝑖
×

𝑥𝑖,𝑏𝑖𝑛𝑎𝑟𝑦

𝐽𝑖,𝑏𝑖𝑛𝑎𝑟𝑦
=

𝐽𝑖,𝑚𝑢𝑙𝑡𝑖
𝑛

𝐽𝑏𝑖𝑛𝑎𝑟𝑦
𝑛  Equation 4-20 

 

 Experimental 4.3

4.3.1 Materials 

A commercially available polyether block amine (PEBA) flat sheet membrane was purchased 

from Pervatech B.V. (Enter, Netherlands).  This hydrophobic membrane was designed to 

separate organic components from aqueous solutions, provided that the pH is between 3 

and 8.  The maximum operating temperature and pressure of this membrane are 80°C and 5 

bar, respectively.  The thickness of the active membrane layer was measured as 1.373 µm 

using a scanning electron microscope (SEM), as illustrated in Figure 4-1. 
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Figure 4-1: Scanning electron microscope image of PEBA membrane 

High pressure liquid chromatography (HPLC) grade glacial acetic acid was purchased from 

Associated Chemical Enterprises Pty. Ltd. (Johannesburg, South Africa) while 99% furfural 

was obtained from Sigma-Aldrich Pty. Ltd. (Johannesburg, South Africa).  The acidic 

hydrolysate from steam treated wood was obtained from an industrial pulp mill.  The 

composition of the acidic hydrolysate is summarised in Table 4-1. 

Table 4-1: Composition of the acidic hydrolysate 

 

    * Includes polysaccharides and lignin fractions 

Component Concentration (g/L) 

Acetic acid 4.580 ± 0.205 

Arabinose 0.402 ± 0.036 

Cellobiose 1.726 ± 0.091 

Citric acid 0.357 ± 0.016 

Formic acid 0.716 ± 0.087 

Furfural 1.454 ± 0.135 

Glucose 0.296 ± 0.009 

Glycerol 0.072 ± 0.006 

Sorbitol 0.232 ± 0.017 

Succinic acid 0.102 ± 0.011 

Sucrose 1.026 ± 0.113 

Water 958.5 ± 14.23 

Xylitol 0.087 ± 0.016 

Xylose 2.458 ± 0.107 

High molecular weight components* 22.59 ± 0.634 
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4.3.2 Pervaporation experiments 

The pervaporation experiments were carried out using a standard pervaporation setup 

(Aouinti et al., 2015; Marx et al., 2002; Smitha et al., 2004).   A schematic diagram of the 

pervaporation apparatus is presented in Figure 4-2.  The membrane module, with an active 

membrane surface area of 55.4 cm2, was operated in dead-end filtration mode, which means 

that certain molecules were selectively absorbed into the pervaporation membrane while the 

rejected material were circulated back to the feed vessel.   A large feed vessel (6 L) was 

used to ensure that the composition of the feed stayed relatively constant during each 

experiment.   A magnetic pump with a constant flow rate of 19.6 mL/s was used to circulate 

the feed between the feed vessel and the membrane module.  Pervaporation experiments 

were carried out until the mass of the permeate reached steady state.  The performance of 

the pervaporation membrane was evaluated by calculating the flux, selectivity and the 

performance separation index (PSI). 

In this study the separation efficiency of the PEBA membrane was evaluated using the acidic 

hydrolysate, pure water, a 5 g/L acetic acid-water mixture and a 1 g/L furfural-water mixture.  

The experiments were carried out at 40, 50, 60, 70 and 80°C.  The feed flow rate and the 

pressure on the permeate side was kept constant at 19.6 mL/s and 8.5 ± 4 kPa, respectively.  

The experimental error of the data is reported for an 85.5% confidence level. 

 

Figure 4-2: Schematic diagram of the pervaporation apparatus with (1) heating jacket, (2) feed 
vessel, (3) magnetic pump, (4) membrane module, (5) cold trap and (6) vacuum pump 
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4.3.3 Analysis 

The composition of the feed and permeate samples was determined with high pressure 

liquid chromatography (HPLC).  An Agilent Technologies 1200 series HPLC system with a 

Biorad Aminex HPX-87H column was used together with a refractive index (RI) detector.  

The national renewable energy laboratory (NREL) standard method for the analysis of 

sugars, by-products and degradation products in liquid fraction process samples were used 

(Sluiter et al., 2008).  A 0.005 M sulphuric acid solution was used as the mobile phase with a 

flow rate of 0.6 mL/min.  The sample volume and column temperature were 10 µL and 55°C, 

respectively.  The calibration curves that were used in this study are presented in Appendix 

C.  HPLC was used to determine the concentration of sugars, acids, sugar alcohols and 

furfural in the acidic hydrolysate and the permeate.   

After analysis with HPLC; the water, lignin and polysaccharide content of the acidic 

hydrolysate were still unknown.  To determine the water content of the acidic hydrolysate, all 

the liquids were removed from an acidic hydrolysate sample using a rotary evaporator 

(Rotavapor® R-210/215, Büchi, Switzerland)  A balance accurate to 0.0001g was used to 

determine the mass of the rotary evaporator flask, as well as the mass of a 20 mL acidic 

hydrolysate sample.  After all the liquids were removed, the flask containing the solids was 

placed in an oven at 105°C for three hours to remove any residual liquids.  The flask was 

then cooled in a desiccator before determining the weight of the solids.  High pressure liquid 

chromatography (HPLC) was used to determine the composition of the acidic hydrolysate 

sample and the solids (diluted with 20 mL of water).  The concentration of water and the 

unknown solids in the acidic hydrolysate was then calculated using a mass balance. 

Gas permeation chromatography (GPC) was used to determine the composition of the 

higher molecular weight components present in the acidic hydrolysate.  A PerkinElmer 

Flexar liquid chromatography system was used with two Agilent PolarGel-L columns and a 

refractive index (RI) detector. The mobile phase was dimethyl sulfoxide:water (9:1 v/v) with 

0.5M lithium bromide. The flow rate and operating temperature were 0.4 mL/mil and 50°C, 

respectively.  Calibrations were done with glucose and Pullulan standards with the following 

molecular weights: 342, 1080, 6100, 9600, 21100, 47100 and 107000 g/mol (Sigma-Aldrich 

Lot#BCBR0400V) 

 Results and discussion 4.4

4.4.1 Binary mixture experiments 

From the pure component sorption experiments (Chapter 3) it was observed that the PEBA 

membrane has a high affinity towards acetic acid and furfural, but a low affinity towards 

water.  Binary mixture pervaporation experiments were carried out with a 5 g/L acetic acid-
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water mixture and a 1 g/L furfural-water mixture to determine whether acetic acid and furfural 

can be recovered from dilute solutions. 

The influence of temperature on the flux and selectivity was investigated by varying the 

temperature from 40°C to 80°C.  The results obtained from the acetic acid-water and 

furfural-water mixture experiments are presented in Figure 4-3A and Figure 4-3B, 

respectively.  The PEBA membrane was selective towards furfural, with a maximum furfural-

water separation factor of 3.78 ± 0.45.  However, the PEBA membrane was more selective 

towards water than acetic acid when separating the acetic acid-water binary mixture.   

From Figure 4-3 it can be seen that the total flux for both feed mixtures increased with 

temperature.  Various researchers have attributed this phenomenon to the increased 

mobility of the molecules in the feed at higher temperatures (Li et al., 2003; Luo et al., 1997; 

Yahaya, 2008).  When using polymeric membranes, an increase in temperature can lead to 

an increase in the amount of free volume in the membrane due to the thermal motion of the 

polymer chains in the membrane’s amorphous regions (Tripathi et al., 2010; Yahaya, 2008).  

The increase in free volume increases the total and partial fluxes of all the components.  

Since the polymer chains are more flexible, the membrane becomes less resistant towards 

the slower permeating components, which often results in a small decrease in the selectivity 

(Böddeker, 1990; Jiraratananon et al., 2002; Smitha et al., 2004; Yahaya, 2008), which 

explains why there was a decrease in the water-acetic acid separation factor with increasing 

temperature. 

According to Feng and Huang (1997), the influence of temperature on the permeation rate of 

the permeating components can be evaluated by using the logarithmic from of the solution-

diffusion model.   

 

Figure 4-3:  Effect of temperature on the total flux (♦) and selectivity (■) when separating an 
acetic acid-water mixture (A) and a furfural-water mixture (B) 
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𝑙𝑛(
Ji

𝛥𝑝
) =

𝑃0

𝑙
−

𝐸𝑝

𝑅𝑇
 Equation 4-21 

The activation energy of permeation (Ep) and the pre-exponential factor values (P0) of acetic 

acid, furfural and water was calculated from the slope and y-axis intercept of a ln(Ji.Δp-1) 

versus (RT)-1 plot, as seen in Figure 4-4.  The linearity of the acetic acid and furfural plots 

indicates that the temperature dependence of the organic component partial fluxes follow an 

Arrhenius relationship.  However, the low R2-value obtained from the water plot indicates 

that the data does not fit the regression line very well. 

 

Figure 4-4: Arrhenius plot of ln(J.Δp
-1

) versus (RT)
-1

 for acetic acid (■), furfural (▲) and water 
(♦) 

The activation energy of permeation and the corresponding P-values of the permeating 

components are presented in Table 4-2.  The P-value is a measure of the statistical 

significance of a value.  In this study a significance level of 5% (SL = 0.05) was chosen.  

According to Devore and Farnum (2005), the obtained value is significant if the 

corresponding P-value is smaller than the significance level.  As seen in Table 4-2, the 

activation energy of permeation of acetic acid and furfural were significant, while the 

activation energy of water was insignificant.  This means that there was a 22.2% chance that 

the activation energy of permeation of water was obtained merely by random chance.   

Table 4-2: Activation energy of permeation and statistical significance of the values 

Component Activation energy (Ep) 

(kJ.mol-1) 

P-value 

Acetic acid 40.1 ± 9.6 0.0250 

Furfural 55.4 ± 2.5 0.0002 

Water -21.1 ± 13.8 0.2220 
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The activation energy of permeation of both acetic acid and furfural was positive, which 

means that the partial fluxes of these components increased with increasing temperature.  

The solution diffusion model uses the pressure gradient across the membrane to describe 

the permeability of the permeating components.  As seen in Figure 4-5, the saturated vapour 

pressure of both acetic acid and furfural increases with increasing feed temperature.  Since 

the permeate pressure remains constant with increasing temperature, the pressure gradient 

across the membrane increases as the saturated vapour pressure of the feed increases.  

The increase in acetic acid and furfural partial fluxes was therefore attributed to the increase 

in driving force (pressure gradient) with increasing temperature. 

 

Figure 4-5: Effect of temperature on the saturated vapour pressure of acetic acid (■) and 
furfural (▲) 

4.4.2 Acidic hydrolysate experiments 

The influence of temperature on the separation of the acidic hydrolysate was investigated by 

increasing the feed temperature from 40 to 80°C.  The permeate from acidic hydrolysate 

experiments consisted out of water (>99.9 wt%) and trace amounts of acetic acid and 

furfural.  The enrichment factors of the permeating components are summarised in Table 

4-3. 

It was found that temperature did not have a significant effect on the selectivity of the 

membrane.  This phenomenon was also reported by other researchers (Böddeker, 1990; 

Jiraratananon et al., 2002; Smitha et al., 2004; Yahaya, 2008).  The enrichment factors of 

acetic acid and furfural were extremely low, which indicates that the PEBA membrane was 

water selective during the acidic hydrolysate experiments.  The PEBA membrane was 

therefore more suited for the recovery and purification of water than the removal of organic 

components.   
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Table 4-3: Enrichment factors from the acidic hydrolysate pervaporation experiments 

Component Enrichment factor (β) 

Acetic acid 0.01 – 0.02 

Furfural 0.06 – 0.10 

Water 1.04 

A separation diagram of water is given in Figure 4-6 to compare the results obtained during 

the acidic hydrolysate pervaporation experiments to vapour-liquid equilibrium (VLE) data 

from a water-acetic acid mixture and a water-furfural mixture.  Aspen Plus® version 8.6 with 

the UNIFAC activity coefficient model was used to obtain the VLE data.  From Figure 4-6 it 

can be seen that the PEBA membrane successfully separated water from the acidic 

hydrolysate, since the mass fraction of water in the permeate was greater than 0.999.     

 

Figure 4-6: Separation diagram of water at 85 kPa where (----) represents the 45° line, (―) 

represents the VLE diagram of a water-furfural mixture, (―) represents the VLE diagram of a 

water-acetic acid mixture and (●) represents pervaporation 

The total flux from the acidic hydrolysate experiments were compared to the pure water and 

binary mixture fluxes in Figure 4-7A.  By comparison, the total flux obtained during the acidic 

hydrolysate experiments was significantly lower than the total fluxes obtained during the 

pure water and binary mixture experiments.  It was also observed that the water, furfural and 

acetic acid partial fluxes obtained during the acidic hydrolysate experiments were 

significantly lower than what was obtained during the pure water and binary mixture 

experiments, as seen in Figure 4-7.  Concentration polarisation and coupling effects might 

have contributed to the inferior performance of the PEBA membrane during the acidic 

hydrolysate experiments. 
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Figure 4-7: Comparison of the flux and selectivity data from various feed solutions 

 (Acidic hydrolysate (●), acetic acid-water mixture (■), furfural-water mixture (▲) and pure water (♦)) 
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Various researchers have observed that the effect of concentration polarisation is particularly 

severe during the separation of VOCs from dilute aqueous solutions (Feng & Huang, 1994; 

Vane et al., 1999; Yahaya, 2008).  The concentration polarisation index (CPI) values were 

therefore calculated at each temperature using the method described in Section 4.2.3.  The 

calculation of these values is given in Appendix H. 

It was found that the CPI values of acetic acid ranged from 0.003 to 0.074, while the CPI 

values of furfural ranged from 0.015 to 0.06.  According to Wijmans et al. (1996), the 

concentration polarisation index of VOCs is typically in the range of 0.01 to 0.1 when 

recovering VOCs from dilute aqueous solutions.  The low CPI values obtained for both acetic 

acid and furfural indicate that concentration polarisation was most likely responsible for the 

low fluxes obtained during the acidic hydrolysate experiments.  

From Figure 4-7C and Figure 4-7D it can be seen that there were a noticeable drop in the 

acetic acid and furfural partial fluxes at 70°C during the acidic hydrolysate experiments.  It 

was therefore necessary to take a closer look at the selectivities of these two components to 

determine the cause of the sudden drop in acetic acid and furfural partial fluxes.  From 

Figure 4-8A it can be seen the furfural-water separation factor (αf,w) increased from 40 to 

50°C during both the acidic hydrolysate and furfural-water mixture experiments.  As the 

temperature increased, the αf,w started to stabilise between 50 and 60°C and decreased 

between 60 and 70°C.  Since the same trend was followed during both the acidic 

hydrolysate and furfural-water mixture experiments, it was assumed that a thermodynamic 

property of furfural or a plasticisation effect (interaction between furfural and the membrane) 

were responsible for the decrease in furfural selectivity between 50 and 70°C.   

 

Figure 4-8: Comparison of the furfural-water (A) and acetic acid-water (B) separation factors 
when using the acidic hydrolysate (●) and binary mixtures (♦) as feed 
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A noticeable drop in the furfural selectivity has also been observed in other pervaporation 

studies between 60 and 80°C (Liu et al., 2013; Sagehashi et al., 2007).  Liu et al. (2013) 

used a metal organic framework ZIF-nanocomposite membrane to separate a 10 g/L 

furfural-water mixture and reported a maximum furfural-water separation factor of 15 at 

60°C.  Sagehashi et al. (2007) reported a maximum furfural enrichment factor of 67 at 60°C 

when separating a 0.2 g/L furfural-water mixture with a silicone rubber membrane.   

Aspen Plus® version 8.6 with the UNIFAC activity coefficient model was used to evaluate 

various physical, chemical and thermodynamic properties of water and furfural, as seen in 

Appendix J.  The initial increase in the furfural selectivity can be explained by considering 

the vapour pressures of water and furfural at various temperatures.  As seen in Figure 4-9A, 

the vapour pressure of acetic acid and furfural increases as temperatures increases.  The 

rate at which the furfural vapour pressure increases with temperature is more rapid than that 

of water (Figure 4-9B), which explains the initial increase in the furfural selectivity.  At higher 

temperatures, more energy is available for the vaporisation of the components inside the 

membrane, which results in higher fluxes.   

 

Figure 4-9: (A) Pure component vapour pressure and (B) Rate of increase in vapour pressure 
of water (♦) and furfural (●) 

The flash point of furfural, which is 61.7 °C (Yan et al., 2014), was the only property that 

could be linked to the sudden decrease in the furfural selectivity at 50-70°C.  The flash point 

is known as the lowest temperature at which the chemical will flash or ignite in the presence 

of an ignition source due to the large amount of vapour that has formed near the surface of 

the liquid (Smallwood, 1996).  The amount of vapour that forms once the flash point of 

furfural is reached might have affected the solubility and/or diffusivity of furfural in the 

pervaporation membrane. 

From Figure 4-8B, it can be seen that the acetic acid-water separation factor (αa,w) increased 

from 40 to 80°C during the binary mixture experiments.  However, a sudden drop in αa,w was 
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observed at 70°C during the acidic hydrolysate experiments.  The permeation of acetic acid 

was therefore affected by the permeation of furfural since αa,w followed the same trend as 

αf,w.  It can therefore be assumed that coupling effects was also present during the acidic 

hydrolysate experiments. 

4.4.3 Modelling 

It is important to model a pervaporation process to get a better understanding of the 

dependency of the fluxes on the process parameters, as well as to help with design 

calculations (Van der Gryp, 2003). 

The permeate from the acidic hydrolysate pervaporation experiments consisted of 99.9 wt% 

water.  Fick’s law and the solution-diffusion model were therefore used to model the 

permeation of water during the acidic hydrolysate experiments.  These two models differ in 

terms of driving force.  Fick’s law uses the concentration gradient across the membrane as 

the driving force for permeation, while the solution-diffusion model uses a pressure gradient 

as driving force.   

4.4.3.1 Fick’s law 

Fick’s law of diffusion, as given in Equation 4-8 was first used to calculate the diffusion 

coefficient (D) at each experimental data point.  As explained in Section 4.2.3., the 

permeation of water is only affected by the membrane.  It was therefore assumed that the 

concentration of water on the membrane surface (Ci.m) was equal to the concentration of 

water in the bulk feed (Ci,b).   

The temperature dependence of the diffusion coefficient was given in Equation 4-9 and can 

be written in logarithmic form as: 

ln 𝐷 = ln 𝐷0 −
𝐸𝐷

𝑅𝑇
 Equation 4-22 

A plot of ln D versus (RT)-1 was then used for the determination of the activation energy of 

diffusion (ED) and the pre-exponential factor (D0) from the slope and y-axis intercept, 

respectively.  The results from the Arrhenius plot are summarised in Table 4-4.  Both the 

activation energy of diffusion and the pre-exponential factor values were significant since the 

P-values were smaller than the chosen significance level (SL = 0.05). 
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Table 4-4:  Activation energy of diffusion and the pre-exponential factor with corresponding P-
values 

 Coefficients P-value 

ED (kJ.mol-1) 29.7 ± 1.7 1.60E-04 

Di (m
2.s-1) 2.53E-07 ± 1.05E-08 4.4E-04 

 

The values from Table 4-4 were then used to calculate Fick’s diffusion coefficient (Dmodel) 

using Equation 4-9.  The influence of temperature on Fick’s diffusion coefficient of water is 

presented in Figure 4-10.  The diffusion coefficients increased with increasing temperature, 

which means that water diffused faster through the membrane as the temperature were 

increased.   

Comparison of the diffusion coefficients obtained in this study to literature values can only be 

relative since the diffusion coefficients depend on the membrane material used as well as 

the mixture being separated.  Ghosh et al. (2007) used polyurethaneurea membranes to 

separate a 20 g/L furfural-water mixture at 30°C and reported that the water diffusion 

coefficients were in the range of 10-13 m2.s-1.  Kusumocahyo et al. (2000) used cross-linked 

poly(vinyl alcohol) membranes to separate various acetic acid-water solutions and reported 

that the water diffusion coefficients were in the range of 10 -13-10-12 m2.s-1.  The water 

diffusion coefficients obtained in this study were slightly higher than those obtained by 

Ghosh et al. (2007) and Kusumocahyo et al. (2000).   

 

Figure 4-10: Effect of temperature on Fick’s diffusion coefficient of water 

Fick’s diffusion coefficients were then used to calculate the model flux values using Equation 

4-23. 

𝐽𝑚𝑜𝑑𝑒𝑙 = −𝐷𝑚𝑜𝑑𝑒𝑙

𝐶𝑖,𝑚 − 𝐶𝑖,𝑝

𝑙
 Equation 4-23 
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A plot of the experimental partial water flux data versus the predicted partial water flux data 

is presented in Figure 4-12. 

4.4.3.2 Solution-diffusion model 

The solution-diffusion model, as given in Equation 4-14 can be rewritten in logarithmic form 

as: 

ln (
𝐽

Δ𝑝
) = ln (

𝑃0

𝑙
) −

𝐸𝑃

𝑅𝑇
 Equation 4-24 

According to Feng and Huang (1997), the activation energy of permeation (Ep) and the pre-

exponential factor (P0) can be calculated from the slope and the y-axis intercept of a           

ln( J.∆p-1) versus (RT)-1 plot.  The calculations are given in Appendix G.  The results from the 

Arrhenius plot are summarised in Table 4-5.  Both coefficients were significant since the P-

values were below 0.05.   

Table 4-5:  Activation energy of permeation and pre-exponential factor values with 
corresponding P-values 

 Coefficients P-value 

EP (kJ.mol-1) -45.4 ± 4.4 1.93E-03 

Pi (m
2.s-1) 1.09E-19 ± 5.74E-21 3.20E-04 

The heat of sorption (ΔHS) can be calculated using Equation 4-25 (Das et al., 2006; Feng & 

Huang, 1997; Huang et al., 2003; Liu et al., 2005) once the EP and ED values are known. 

Δ𝐻𝑆 = Ep − 𝐸𝐷 Equation 4-25 

The heat of sorption of water (ΔHS) was calculated as -75.0 ± 6.1 J.mol-1.  According to Feng 

and Huang (1997) and Du et al. (2008), ED is usually positive, while ΔHS can be negative for 

exothermic sorption processes.  In this study, the heat of sorption had a larger effect on the 

permeation of water than diffusion since the activation energy of permeation was negative, 

as seen in Table 4-5.   It makes sense that sorption was the rate controlling step in the 

permeation of water since the hydrophobic PEBA membrane has a low affinity towards 

water, while the water molecules are small enough to diffuse effortlessly through the 

membrane.   

The permeability coefficient of water was calculated using Equation 4-12.  According to Feng 

and Huang (1997), the permeability coefficient will decrease with increasing temperature if 

the EP value is negative, which can also be seen in Figure 4-11. 
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Figure 4-11:  Effect of temperature on the permeability coefficient of water 

The permeability coefficients were then used to calculate the model flux values using 

Equation 4-26. 

Jmodel = Pmodelexp (−
𝐸𝑃

𝑅𝑇
)

(Δ𝑝)

𝑙
 Equation 4-26 

A plot of the experimental partial water flux data versus the predicted partial water flux data 

is presented in Figure 4-12. 

4.4.3.3 Comparison of Fick’s law and the solution diffusion model 

Fick’s law and the solution diffusion model were used to model the partial water flux from the 

acidic hydrolysate experiments.  A plot of the experimental water flux versus the predicted 

fluxes is presented in Figure 4-12.  To evaluate the accuracy of the models, the predicted 

partial water flux values were plotted against the experimental values.  A straight line with an 

intercept of (0, 0) were fitted through each plot.  If the predicted values are equal to the 

experimental values, the slope of the straight line will be equal to 1.  From Figure 4-13 it can 

be seen that the slope from Fick’s law was closer to 1 than the slope from the solution-

diffusion model plot.  The R2-value from Fick’s law was also closer to 1 than the solution 

diffusion model, which means that the data from Fick’s law was less scattered.  It can 

therefore be concluded that Fick’s law predicted the experimental water flux data more 

accurately. 
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Figure 4-12: Plot of Fick’s law   (−−−) and the solution diffusion model (▪▪▪) for the modelling of 
the partial water flux from the acidic hydrolysate experiments 

 

Figure 4-13: A plot of the experimental water flux versus the predicted flux using Fick’s law (■) 
and the solution diffusion model (♦) 

 Concluding remarks 4.5

The aim of this study was to remove organic acids and furfural from the acidic hydrolysate 

using the PEBA membrane.  The effect of temperature on the flux and selectivity was 

evaluated by increasing the temperature from 40 to 80°C using increments of 10°C.  A 

maximum total flux of 1203 ± 39 g.m-2.h-1 was obtained at 80°C, which is high considering 

that the acidic hydrolysate is a multicomponent mixture.  The PEBA membrane removed 

water, acetic acid and furfural from the acidic hydrolysate, while rejecting the sugars, 

polysaccharides, lignin and most of the organic acids.  The PEBA membrane was selective 
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towards water, with a maximum enrichment factor of 1.04.  The highest acetic acid and 

furfural enrichment factors were only 0.026 ± 0.003 and 0.132 ± 0.006, respectively.  The 

PEBA membrane is therefore not suited for the recovery of organic acids and furfural from 

the acidic hydrolysate.  However, it might be worth investigating whether it will be cost 

effective to use the PEBA membrane for the recovery of water from the acidic hydrolysate. 

Fick’s law and the solution diffusion model were used to model the permeation of water 

through the PEBA membrane.  It was found that Fick’s law was more accurate in predicting 

the partial water flux from the acidic hydrolysate experiments than the solution diffusion 

model. 
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Chapter 5                            

Fractionation of an acidic hydrolysate from steam 

treated wood using pervaporation and a 

polydimethyl siloxane (PDMS) membrane 

Overview 

This chapter focussed on the recovery of organic acids and furfural from an acidic 

hydrolysate from steam treated wood using a commercially available polydimethylsiloxane 

membrane (PDMS).  The effect of temperature on the flux, selectivity and performance 

separation index (PSI) was investigated.  The PDMS membrane separated water, furfural, 

organic acids and small amounts of monomeric sugars and sugar alcohols from the acidic 

hydrolysate, while retaining 100% of the polysaccharides and lignin.  The total flux increased 

with temperature and a maximum total flux of 2171 ± 108 g.m-2.h-1 was obtained at 80°C.  

The highest enrichment factors of water, furfural, organic acids, monomeric sugars and 

sugar alcohols were 1.035 ± 0.001, 2.119 ± 0.065, 0.247 ± 0.023, 0.034 ± 0.003 and 0.010 ± 

0.001 respectively.  The experiments were repeated using pure water and binary organic-

water solutions as feed.  It was found that coupled transport hindered the permeation of 

furfural and organic acids during the acidic hydrolysate experiments, while the permeation of 

the monomeric sugars was enhanced. 

Fick’s law and the solution diffusion model were used to model the partial fluxes of water, 

furfural, acids, sugars and sugar alcohols from the acidic hydrolsyate experiments.  Fick’s 

law was more accurate in predicting the partial water flux than the solution-diffusion model, 

while the solution-diffusion was a better fit for the partial furfural flux.  It was found that the 

predicted acids, sugars and sugar alcohol partial flux values from both models were almost 

identical.   

Keywords: Pervaporation, PDMS membrane, acidic hydrolysate, coupled transport, Fick’s 

law, solution-diffusion model 
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 Experimental 5.1

See Section 4.3. 

5.1.1 Materials 

A commercially available polydimethylsiloxane (PDMS) flat sheet membrane was purchased 

from Pervatech B.V. (Enter, Netherlands).  This hydrophobic membrane was designed to 

separate organic components from aqueous solutions, provided that the pH is between 1 

and 12.  The maximum operating temperature and pressure of this membrane are 80°C and 

5 bar, respectively.  The thickness of the active membrane layer was measured as 11.76 µm 

using a scanning electron microscope (SEM), as illustrated in Figure 5-1. 

 

Figure 5-1: Scanning electron microscope image of PDMS membrane 

High pressure liquid chromatography (HPLC) grade glacial acetic acid, glucose and xylitol 

were purchased from Associated Chemical Enterprises Pty. Ltd. (Johannesburg, South 

Africa) while 99% furfural was obtained from Sigma-Aldrich Pty. Ltd. (Johannesburg, South 

Africa).  The acidic hydrolysate from steam treated wood was obtained from an industrial 

pulp mill.   
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 Results and discussion 5.2

5.2.1 Influence of temperature on the separation of acetic acid and 

furfural from binary aqueous solutions 

The organophilic PDMS membrane has a high affinity towards acetic acid and furfural, as 

observed during the pure component sorption experiments in Chapter 3.  It is known that the 

flux and selectivity through a pervaporation membrane is affected by the concentration of the 

faster permeating component in the feed.  Various studies have found that a higher 

concentration of the faster permeating component can lead to high overall fluxes and low 

selectivities due to the high degree of swelling (Mohammadi et al., 2005; Smitha et al., 2004; 

Toth & Mizsey, 2015).  Pervaporation experiments were therefore carried out using dilute 

binary mixtures that contained approximately the same concentration of acetic acid and 

furfural than the acidic hydrolysate to determine how selective the PDMS membrane was 

towards these components when they were present in low concentrations.  A 5 g/L acetic 

acid-water mixture and a 1 g/L furfural-water mixture were used as feeds. 

The influence of temperature on the flux and selectivity was investigated by varying the 

temperature from 40°C to 80°C.  From Figure 5-2A it can be seen than the total flux and the 

furfural-water separation factor (αf,w) increased with increasing temperature.  This 

phenomenon was also reported by Cai et al. (2013) when separating a 10.6 g/L furfural-

water mixture with a PDMS membrane.  Table 5-1 gives a summary of the most important 

results from pervaporation studies that focussed on the recovery of furfural from aqueous 

solutions.  By comparison, the total flux obtained in this study was significantly higher than 

the maximum total fluxes obtained by other researchers, whereas lower αf,w values were 

reported in this study.    

 

Figure 5-2:  Effect of temperature on the total flux (♦) and selectivity (■) from the furfural-water 
mixture (A) and acetic acid-water solution (B) experiments 
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The influence of temperature on the total flux and water-acetic acid separation factor (αw,a) 

from the 5 g/L acetic acid-water solution experiments are presented in Figure 5-2B.  The 

PDMS membrane was more selective towards water than acetic acid, especially at low 

temperatures.  The low selectivity towards acetic acid was not expected since organophilic 

polymeric membranes are usually selective towards acetic acid, as seen in Table 5-2.   

From Table 5-2 it can be seen that Hong et al. (2011) and Lu et al. (2000) also used PDMS 

membranes for the recovery of acetic acid from binary aqueous solutions.  These studies 

reported that the PDMS membrane was slightly more selective towards acetic acid than 

water (αa,w ~ 1.5) when separating a 100 g/L acetic acid-water solution.   By comparison, the 

acetic acid concentration used in this study was significantly lower, which might have 

contributed to the low selectivity towards acetic acid. 

It can be seen in Figure 5-2B that an increase in feed temperature resulted in an increase in 

total flux and a decrease in the water-acetic acid separation factor (αw,a).  This phenomenon 

can be attributed to the increase in the amount free volume in the membrane due to the 

increased mobility of the polymer chains at higher temperatures (Tripathi et al., 2010; 

Yahaya, 2008).  The increase in free volume increases the total and partial fluxes of all the 

components.  Since the polymer chains are more flexible at higher temperatures, the 

membrane becomes less resistant towards the slower permeating components, which often 

results in a small decrease in the selectivity (Böddeker, 1990; Jiraratananon et al., 2002; 

Smitha et al., 2004; Yahaya, 2008). 

Table 5-1: Results of studies that removed furfural from aqueous solutions using 
pervaporation membranes 

Feed Membrane Maximum total 

flux (g.m
-2

h
-1

) 

Selectivity 

(αfurfural, water) 

Conditions Reference 

Furfural and water PDMS 1500 66 10.6 g/L furfural, 

95°C, 0.65 kPa 

Cai et al. (2013) 

Furfural, ethanol 

and water 

PDMS 747 6.8 1 g/L furfural in 

feed, 30°C, 1 kPa 

Gaykawad et al. 

(2013) 

Furfural-water Polyurethaneurea 

membrane, 20 

mole% diamine 

45 350 20 g/L furfural, 

75°C, 0.67 kPa 

Ghosh et al. 

(2007) 

Furfural and water PDMS membrane 2500 

 

26 10 g/L furfural in 

feed, 95 C, 0.2 

kPa 

Hu et al. (2015) 

Furfural and water ZIF-8-PMPS 

nanocomposite 

membrane 

1800 17.6 10 g/L furfural, 

120°C 

Liu et al. (2013) 

Furfural, water 

and ethanol 

Vinyltriethoxy-

silane modified 

membrane 

255 95 15 g/L furfural, 

35°C, 0.27 kPa 

Yi et al. (2015) 

Acidic hydrolysate PDMS 2171 1.19 1.45 g/L furfural, 

50°C, 8.5 ± 4 kPa 

This work 

Furfural and water PDMS 2595 6.44 1.45 g/L furfural, 

80°C, 8.5 ± 4 kPa 

This work 
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Table 5-2: Results of studies that removed acetic acid from aqueous solutions using 
pervaporation membranes 

Feed Membrane Maximum total 

flux (g.m
-2

h
-1

) 

Selectivity 

(αacetic acid,water) 

Conditions Reference 

Model anaerobic 

digestion solution 

PEBA 229 8 0.5 g/L acetic 

acid, 70°C 

Choudhari et al. 

(2015) 

Water and acetic 

acid 

PDMS (5% silica 

filled) 

400 1.5 100 g/L acetic 

acid, 70°C, 0.1 

kPa 

Hong et al. (2011) 

Water and acetic 

acid 

PDMS membrane 116 

 

1.45 

 

100 g/L acetic 

acid, 55°C, 16 Pa 

Lu et al. (2000) 

Water and acetic 

acid 

Silicalite 

membrane  

38 2.6 15 vol% acetic 

acid, 30°C, 0.26 

kPa 

Sano et al. (1997) 

Water and acetic 

acid 

Sn-ZSM-5 

membrane 

490 7.7 50 g/L acetic acid, 

90°C, 0.4 kPa 

Sun et al. (2009) 

Acetic acid, water 

and ethanol 

Vinyltriethoxy-

silane modified 

membrane 

165 1.45 2.6 g/L acetic 

acid, 35 °C, 0.27 

kPa 

Yi et al. (2015) 

Acidic hydrolysate PDMS 2171 0.27 4.58 g/L acetic 

acid, 80°C, 8.5 ± 4 

kPa 

This work 

Water and acetic 

acid 

PDMS 2675 0.50 4.58 g/L acetic 

acid, 80°C, 8.5 ± 4 

kPa 

This work 

 

5.2.2 Influence of temperature on the fractionation of the acidic 

hydrolysate 

Pervaporation experiments were carried out at various temperatures using the acidic 

hydrolysate as feed.  The permeate samples were analysed with high pressure liquid 

chromatography (HPLC) and it was found that the permeate consisted out of water, furfural, 

acids (acetic acid, citric acid, formic acid and succinic acid) and trace amounts of monomeric 

sugars (arabinose, glucose and xylose) and sugar alcohols (sorbitol and xylitol).  The PDMS 

membrane retained 100% of the higher molecular weight components (lignin and 

polysaccharides), as well as most of the monomeric sugars and sugar alcohols. 

The effect of temperature on the total flux is presented in Figure 5-3.  Up to date, there are 

no existing pervaporation studies that focussed on the fractionation of an acidic hydrolysate.  

The results from this study will therefore be compared to pervaporation studies that focussed 

on the separation of either furfural (Table 5-1) or acetic acid (Table 5-2) from aqueous 

solutions.  The highest total flux obtained from the acidic hydrolysate experiments was 2171 

± 108 g.m-2.h-1 at 80°C, which compares favourably to the maximum total fluxes obtained in 

similar studies. 
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Figure 5-3:  Effect of temperature on the total flux when using the acidic hydrolysate as feed 

From Figure 5-3 it can be seen that that the total flux increased with temperature, which can 

be explained by the increase in free volume in the membrane due to the thermal motion of 

the polymer chains in the membrane’s amorphous regions (Yahaya, 2008).  As the 

temperature increases, the mobility of the components in the feed mixture increases, which 

makes it easier for these components to diffuse through the membrane.  In pervaporation, it 

is assumed that the permeating molecules diffuse through the membrane as a vapour.  As 

the temperature increases, the vapour pressure of the components in the mixture increases, 

as seen in Figure 5-4.  More energy is therefore available for evaporation at higher 

temperatures, which leads to an increase in the rate of diffusion of the permeating 

components. 

 

Figure 5-4: Effect of temperature on the vapour pressure of water (♦), acetic acid (■) and 
furfural (▲) 
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According to Feng and Huang (1997), the flux usually increases exponentially with 

temperature according to an Arrhenius-type law, as given in Equation 5-1. 

J = J0exp (−
𝐸𝐽

𝑅𝑇
) Equation 5-1 

Equation 5-1 can be written in logarithmical form as: 

ln J = lnJ0 −
𝐸𝐽

𝑅𝑇
 Equation 5-2 

Where J is the flux (g.m-2.h-1), J0 is the pre-exponential factor (g.m-2.h-1), EJ is the apparent 

activation energy (J.mol-1), R is the ideal gas constant and T is the temperature (K).   

The total apparent activation energy from the acidic hydrolysate experiments were 

calculated from the slope and the y-axis intercept of a ln J versus (RT)-1 plot, as seen in 

Figure 5-5.  The linearity of the plot (R2-value = 0.987) verifies that the Arrhenius-type law 

described the temperature dependence of the total flux very well. The total apparent 

activation energy was calculated as 34.3 ± 2.3 kJ/mol with a P-value of 6.7E-04, which 

means that the obtained value was significant. The apparent activation energy of permeation 

gives an indication of the minimum amount of energy that will be required for permeation. 

 

Figure 5-5: An Arrhenius plot of ln J versus (RT)
-1

  

The apparent activation energy (EJ) of water, furfural, acids, sugars and sugar alcohols were 

calculated in a similar manner, as seen in Figure 5-6.   A summary of the apparent activation 

energies and their corresponding P-values are given in Table 5-3.  The apparent activation 

energies of furfural and sugars were not significant since the P-values were larger than 0.5, 
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the insignificance of the values was also reflected in the large errors.  According to Martínez 

et al. (2013) and Weschenfelder et al. (2015), components with high EJ values are more 

sensitive to temperature variations.  From Table 5-3 it can be seen that the EJ of water was 

higher than the EJ of furfural, but lower than the EJ of acids.  Similar results were obtained in 

other studies (Sano et al., 1997; Weschenfelder et al., 2015). 

 

Figure 5-6: Arrhenius plots of ln Ji versus (RT)
-1

 for water (♦), furfural (▲) and acids (■), sugars 
(ӿ) and sugar alcohols (X) 

It was found that the EJ of water was equal to the total EJ.  This was expected since the 

permeate consisted of 99 wt% water.  According to Weschenfelder et al. (2015) the EJ of 

water through a PDMS membrane is 40.9 kJ/mol, which is slightly higher than the 34.3 ± 2.3 

kJ.mol-1 obtained in this study.  

Table 5-3: Apparent activation energies of the permeating components with their 
corresponding P-values 

Component EJ (kJ.mol-1) P-value 

Water 34.3 ± 2.3 6.7E-04 

Furfural 22.5 ± 9.5 0.09 

Acids 45.6 ± 4.5 2.1E-03 

Sugars -8.2 ± 8.1 0.39 

Sugar alcohols 22.3 ± 6.2 0.04 
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The selectivity of the membrane was evaluated by calculating the enrichment factor of the 

permeating components.  During pervaporation processes, it is important to find the optimum 

operating conditions where both the flux and the selectivity are high.  If  the selectivity 

towards a certain component is high, but the total flux is too low, then larger membrane 

areas will be required to treat the effluent which will increase the total capital investment.  

High fluxes might also be required in industry to comply with the flow conditions of the plant 

(Marx, 2002).  On the other hand, if the flux through the membrane is high and the selectivity 

is low, then many additional membrane stages might be required to obtain pure product 

streams, which again will increase the investment cost.  In pervaporation, there is usually a 

trade-off between the flux and selectivity through the membrane.  Since both these factors 

are important, it is important to find the optimal combination of the two parameters.  The 

performance separation index (PSI) was therefore calculated for each permeating 

component to evaluate the overall performance of the membrane.  The enrichment factor (β) 

and PSI of water, furfural and acids are presented in Figure 5-7, while the enrichment factor 

and PSI of sugars and sugar alcohols are presented in Figure 5-8.    

The enrichment factors of furfural and water were greater than one, which means that the 

concentration of these components was higher in the permeate than in the feed.  As seen in 

Figure 5-7A, the PDMS membrane was most selective towards furfural at low temperatures.  

As the temperature increased from 50 to 70°C, the furfural selectivity started to decrease.  

This also happened during the PEBA membrane experiments and was discussed in Section 

4.4.2.  As seen in Figure 5-7A, temperature did not have a significant effect on the 

enrichment factors of acids and water.  However, the PSI of acids and water increased with 

increasing temperature in Figure 5-7B.  The exponential increase in the total flux with 

temperature is therefore responsible for the increase in the PSI values of acids and water 

with increasing temperature.  From Figure 5-7B it can be seen that the maximum PSI values 

of water, furfural and acids were obtained at 80°C.  Pervaporation experiments should 

therefore be carried out at 80°C for the optimal removal of acids, furfural and water from the 

acidic hydrolysate. 

From Figure 5-8 it can be seen that the enrichment factors and PSI values of sugars and 

sugar alcohols were extremely low, which indicates that the PDMS membrane was not very 

selective towards these components.  Various studies have used pervaporation membranes 

for the separation of ethanol from fermentation broths that contain sugars (Cai et al., 2013; 

Choudhari et al., 2015; Gaykawad et al., 2013; Zhang et al., 2016).  Unfortunately, these 

studies mainly focussed on the permeation of ethanol and how inhibitors effect ethanol 

permeation.  It is therefore not clear whether sugars or sugar alcohols were present in the 

permeate of these studies. 
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Figure 5-7: Effect of temperature on the enrichment factor (A) and PSI (B) of water (♦), acids (●) 
and furfural (▲) 

 

Figure 5-8: Effect of temperature on the enrichment factor (A) and PSI (B) of sugars (♦) and 
sugar alcohols (●) 

5.2.3 Influence of concentration polarisation and coupling effects 

During multicomponent mixture pervaporation experiments, concentration polarisation and 

coupling effects usually affect the permeation of certain components.  The effect of these 

phenomena can be evaluated by comparing the flux and selectivity of a multicomponent 

mixture to that of pure and binary mixtures.  It was assumed that components with similar 

structures behave in a similar manner inside the membrane.  Acetic acid, glucose and xylitol 

were therefore chosen to represent the permeation of acids, sugars and sugar alcohols in 

binary aqueous solutions.  For a more accurate comparison, the concentration of the organic 

components in the binary mixtures should be similar to the concentration of those 

components in the acidic hydrolysate.  The pervaporation experiments were therefore 
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repeated using pure water, a 1 g/L furfural-water mixture, a 5g/L acetic acid-water mixture, a 

0.3 g/L glucose-water mixture and a 0.1 g/L xylitol-water mixture.  

The total flux from the acidic hydrolysate experiments was compared to the pure water and 

binary mixture total fluxes in Figure 5-9.  At low temperatures, the total fluxes from all the 

experiments were approximately the same.  However, as the temperature increased to 70 

and 80°C, the total flux from the acidic hydrolysate experiments were slightly lower in 

comparison.  From the total flux data it can therefore be seen that presence of the additional 

components in the acidic hydrolysate affected the permeation through the PDMS membrane 

more at higher temperatures. 

 

Figure 5-9: Effect of temperature on the total flux when using the pure water (♦), acetic acid-
water mixture (■), furfural-water (▲), glucose-water (ӿ), xylitol-water (x) and acidic hydrolysate 

(●) as feed 

During the acidic hydrolysate experiments the water, furfural, acetic acid and xylitol partial 

fluxes were also slightly lower in comparison with the binary mixture partial fluxes, as seen in 

Figure 5-10, Figure 5-11, Figure 5-12 and Figure 5-14.  However, the opposite was true for 

glucose.  As seen in Figure 5-13, the partial glucose flux obtained during the acidic 

hydrolysate experiments were significantly higher than partial glucose flux obtained during 

the binary mixture experiments.  These phenomena are most likely caused by concentration 

polarisation or coupling effects. 

The effect of concentration polarisation on the permeation of the organic components was 

evaluated by calculating the concentration polarisation index (CPI).  The calculations are 

given in Appendix H.  It was found that the CPI values of furfural were close to 1, which 

means that concentration polarisation most likely did not affect the permeation of these 
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components.   However, additional experiments need to be conducted using various 

volumetric flow rates to have a comprehensive understanding of concentration polarisation 

and its effects in this study.  

As explained in Section 4.2.4. coupling effects can be evaluated by comparing the partial 

flux of a component in a multicomponent mixture to the pure or binary mixture flux.  The 

presence of the additional components in the multicomponent mixture can either enhance or 

inhibit the permeation of certain components. Coupling phenomena can be evaluated by 

calculating the deviation coefficients of the permeating components.  A summary of the 

deviation coefficients of water, acetic acid, furfural, glucose and xylitol are given Table 5-4.  

A plot of the pure water flux versus the partial water flux from the acidic hydrolysate 

experiments are presented in Figure 5-10.  The acidic hydrolysate consisted of 96 wt% 

water, which explains why the partial flux of water is almost identical to the total flux from the 

acidic hydrolysate experiments. Since the deviation coefficients of water were close to 1, it 

was assumed that coupling phenomena did not affect the permeation of water. 

 

Figure 5-10: Water flux from pure water (♦) and acidic hydrolysate (●) experiments 

The effect of temperature on the partial furfural flux (Figure 5-11 A) and the furfural-water 

separation factor (Figure 5-11 B) from the acidic hydrolysate and furfural-water experiments 

are given in Figure 5-11.  The maximum furfural partial fluxes obtained from the acidic 

hydrolysate and binary mixture experiments were 3.67 ± 0.10 g.m-2.h-1 and 12.94 ± 1.34 g.m-

2.h-1, respectively.  The furfural flux from the binary mixture experiments was significantly 

higher than the furfural flux obtained during the acidic hydrolysate experiments, especially at 

high temperatures.  The furfural deviation coefficient ranged from 0.14 ± 0.02 to 0.56 ± 0.08, 

which indicated that coupling effects inhibited the permeation of furfural during the acidic 
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hydrolysate experiments.  It was also seen that the deviation coefficients decreased as the 

temperature increased, which suggests that the coupling phenomena increased with 

temperature.   

It was observed that there was a significant increase in the furfural selectivity from 40 to 

50°C when separating both the acidic hydrolysate and furfural-water binary mixture.  At 

higher temperatures, the rate of increase in the furfural selectivity started to decline when 

separating the binary mixture, while a drop in furfural selectivity was noticed at 60°C when 

separating the acidic hydrolysate.  This phenomenon was also observed in this study when 

using the PEBA membrane (Section 4.4.2), as well as in other pervaporation studies that 

focussed on the separation of furfural-water mixtures (Liu et al., 2013; Sagehashi et al., 

2007).  

 

Figure 5-11: Effect of temperature on the partial furfural flux (A) and furfural selectivity from 
the furfural-water solution (♦) and acidic hydrolysate (●) experiments 

The partial acetic acid flux from the acidic hydrolysate and 5 g/L acetic acid-water mixture 

experiments are presented in Figure 5-12A.  At 40°C, the acetic acid partial flux from the 

acidic hydrolysate experiments was higher than that of the binary mixture experiments, 

which means that coupling phenomena enhanced the permeation of acetic acid.  At higher 

temperatures, the additional components present in the acidic hydrolysate inhibited the 

permeation of acetic acid, which was affirmed by the low deviation coefficients in Table 5-4. 

The PDMS membrane was more selective towards water than acetic acid since the αa,w 

values were below one, as seen in Figure 5-12B.  The acetic acid-water separation factor 

(αa,w) from the binary mixture experiments increased with temperature, whereas a drop in the 

acetic acid selectivity was noticed at 60°C during the acidic hydrolysate experiments.  This 

drop at 60°C corresponds to the drop in the furfural-water separation factor, which indicates 

that a coupling effect (permeate-permeate interaction) exist between acetic acid and furfural. 
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Figure 5-12: Effect of temperature on the partial acetic acid flux (A) and acetic acid selectivity 
from the acetic acid-water solution (♦) and acidic hydrolysate (●) experiments 

Coupling effects played a significant role in the permeation of glucose during the acidic 

hydrolysate experiments since deviation coefficients as high as 66.4 ± 14.9 were reported in 

Table 5-4.   

As can be seen in Figure 5-13, the PDMS membrane was much more selective towards 

glucose during the acidic hydrolysate experiments than the binary mixture experiments.  

During the acidic hydrolysate experiments, the PDMS membrane was most selective 

towards glucose at 40 and 50°C, with a maximum glucose-water separation factor of 0.30 ± 

0.04.  A significant drop in the glucose selectivity was observed at 60°C, which once again 

corresponds to the drop in furfural selectivity.  The permeation of glucose was therefore 

enhanced by the presence of furfural in the acidic hydrolysate.  It can therefore be assumed 

that the glucose permeation will start to decrease as soon as most of the furfural is removed 

from the feed mixture. 

 

Figure 5-13: Effect of temperature on the partial glucose flux (A) and glucose selectivity from 
the glucose-water solution (♦) and acidic hydrolysate (●) experiments 
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The effect of temperature on the partial xylitol flux is given in Figure 5-14.  It was found that 

the partial xylitol flux from the acidic hydrolysate and binary mixture experiments were 

almost identical at lower temperatures.  However, at 70 and 80°C the partial xylitol flux from 

the binary mixture experiments was significantly higher than that of the acidic hydrolysate 

experiments, which means that coupling phenomena inhibited the permeation of xylitol at 

higher temperatures.  From Figure 5-14B it can be seen that the PDMS membrane is much 

more selective towards water than xylitol since the αx,w
 values were below 0.025 for both 

solutions.  The xylitol concentration in the permeate samples were extremely low, which 

resulted in high experimental errors since the concentrations could not be measured 

accurately. 

 

Figure 5-14: Effect of temperature on the partial xylitol flux (A) and xylitol selectivity from the 
xylitol-water solution (♦) and acidic hydrolysate (●) experiments 

To summarise, coupling effects played a significant role in the fractionation of the acidic 

hydrolysate.  It was found that the permeation of acetic acid, furfural and xylitol were 

inhibited during the acidic hydrolysate experiments.  At 60°C, there was a drop in the furfural 

selectivity, which was also observed in this study when using the PEBA membrane, as well 

as in studies conducted by Liu et al. (2013) and Sagehashi et al. (2007). During the acidic 

hydrolysate experiments, there was also a corresponding drop in the acetic acid and glucose 

selectivities at 60°C, which indicates that permeate-permeate interactions took place during 

the acidic hydrolysate experiments.  
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Table 5-4: Deviation coefficients 

Temperature 
(°C) 

εwater εacetic acid εfurfural εglucose εxylitol 

40 1.05 ± 0.12 1.71 ± 0.16 0.56 ± 0.07 58.8 ± 11.2 0.97 ± 0.39 

50 0.98 ± 0.11 0.78 ± 0.08 0.51 ± 0.07 66.4 ± 12.6 2.52 ± 1.02 

60 0.90 ± 0.10 0.42 ± 0.04 0.28 ± 0.04 11.2 ± 2.1 1.38 ± 0.55 

70 0.85 ± 0.10 0.45 ± 0.04 0.14 ± 0.02 13.9 ± 2.6 0.50 ± 0.20 

80 0.97 ± 0.11 0.46 ± 0.04 0.16 ± 0.02 7.93 ± 1.5 0.28 ± 0.13 

 

5.2.4 Mass transport in pervaporation 

Fick’s law and the solution-diffusion model were used to describe the mass transport of the 

permeating components through the PDMS membrane.  Both these models are commonly 

used in pervaporation studies (Henley et al., 2011; Welty et al., 2008; Wijmans & Baker, 

1995).  These two models differ in terms of driving force.  Fick’s law uses the concentration 

gradient across the membrane as the driving force for permeation, while the solution-

diffusion model uses a pressure gradient as driving force.  These models were used to 

model the partial flux of water, furfural, acids, sugars and sugar alcohols from the acidic 

hydrolysate experiments.   

As explained in Section 4.2.2, Fick’s law uses a diffusion coefficient to describe the 

temperature dependence of the flux, while the solution-diffusion model uses a permeability 

coefficient.  Fick’s law uses Equation 5-3 to describe the temperature dependence of the 

diffusion coefficient in terms of the activation energy of diffusion (ED) and the pre-exponential 

factor (D0), while the solution diffusion model describes the permeability in terms of 

activation energy of permeation (EP) and the pre-exponential factor (P0) using Equation 5-4.  

The D0 and ED values were calculated from the y-axis intercept and slope of a ln D versus 

(RT)-1 plot, while the P0 and EP values were calculated from the y-axis intercept and slope of 

a ln (J.Δp-1) versus (RT)-1 plot.  The calculations are given in Appendix G. 

ln 𝐷 = ln 𝐷0 −
𝐸𝐷

𝑅𝑇
 Equation 5-3 

ln (
𝐽

Δ𝑝
) = ln (

𝑃0

𝑙
) −

𝐸𝑃

𝑅𝑇
 Equation 5-4 

Once the EP and ED values are known, the heat of sorption (ΔHS) can be calculated using 

Equation 5-5 (Das et al., 2006; Feng & Huang, 1997; Liu et al., 2005). 
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Δ𝐻𝑆 = Ep − 𝐸𝐷 Equation 5-5 

A summary of the ED, EP, and ΔHS values of the water, furfural, acids, sugar and sugar 

alcohols are given in Table 5-5.  The calculated ΔHS values in Table 5-5 were negative, 

which means that the sorption process was exothermic (Du et al., 2008; Feng & Huang, 

1997).  The EP value of water was also negative, which means that the negative ΔHS had a 

larger effect on permeation of water than the positive ED.  The permeation of water was 

therefore controlled by sorption, which makes sense since the hydrophobic PDMS 

membrane has a low affinity towards water.  The EP of sugar alcohols were almost equal to 

the ED of sugar alcohols, which means that the rate of permeation of sugar alcohols was 

most likely controlled by diffusion.  Sorbitol and xylitol have relatively high molecular weights 

(MW > 150 g.mol-1) which makes it difficult for these molecules to diffuse through the 

membrane. 

The calculated ΔHS values of furfural, acids and sugars were not accurate since one of the 

Arrhenius activation parameters were not significant (P-value > 0.05).  It is therefore not 

possible to determine whether the rate of permeation of these components was controlled by 

sorption or diffusion.  

Table 5-5: Arrhenius activation parameters for diffusion, permeation and heat of sorption 

Component ED (kJ.mol-1) EP (kJ.mol-1) ΔHs (kJ.mol-1) 

Water 34.1 ± 2.2 -39.9 ± 9.7 -74.0 ± 11.9 

Furfural 65.2 ± 27.2* 46.0 ± 7.2 -19.2 ± 34.4* 

Acids 45.9 ± 5.5 -1.2 ± 5.4* -47.1 ± 10.9* 

Sugars 11.9 ± 8.2* -11.4 ± 8.1* -23.3 ± 16.3* 

Sugar alcohols 22.8 ± 6.1 22.7 ± 6.0 -0.1 ± 12.1 
* Insignificant value (P-value > 0.05) 

Table 5-6 gives a summary of the pre-exponential factors calculated from the Arrhenius 

plots.   All the values were significant, except for the D0 and P0 of furfural.  From Figure 5-11 

it can be seen that the temperature dependence of the furfural partial flux did not follow an 

exponential Arrhenius relationship since there was a drop in furfural partial flux at 70°C.  It 

was therefore expected that both Fick’s law and the solution-diffusion model will be less 

successful in modelling the furfural partial flux. 
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Table 5-6: Pre-exponential factors from Arrhenius plots 

Component D0 (m
2.s-1) P0 (mol.m-1.Pa-1.s-1) 

Water 1.93E-05 ± 1.41E-06 9.27E-18 ± 1.16E-18 

Furfural 2.55E-01 ± 1.84* 5.99E-04 ± 3.95E-04* 

Acids 1.35E-05 ± 2.45E-06 2.23E-12 ± 2.83E-13 

Sugars 6.17E-16 ± 5.26E-17 4.39E-16 ± 5.34E-17 

Sugar alcohols 1.02E-10 ± 9.83E-12 5.92E-11 ± 1.05E-11 
* Insignificant value (P-value > 0.05) 

Fick’s law and the solution diffusion model were used to model the partial fluxes of water, 

furfural, acids, sugars and sugar alcohols, as seen in Figure 5-15 to Figure 5-19 .  The 

calculation steps and a summary of the results are given in Appendix G. 

It can be seen in Figure 5-15 that Fick’s law was more accurate in predicting the partial 

water flux than the solution-diffusion model.  However, the solution-diffusion model was a 

better fit for the partial furfural flux, as seen in Figure 5-16.  From Figure 5-17, Figure 5-18 

and Figure 5-19 it can be seen that the predicted acids, sugars and sugar alcohol partial flux 

values from both models were almost identical.   

The accuracy of the models was evaluated by comparing the slope and R2-values from a 

plot of the experimental values versus the predicted values.  It was found that Fick’s law 

predicted the partial water flux accurately since the slope and R2-value were close to unity.  

Both Fick’s law and the solution-diffusion model were successful in predicting the partial 

acids flux, as seen in Figure 5-17B. 

From Figure 5-16B, Figure 5-18B and Figure 5-19B, it can be seen that both models were 

less accurate in predicting the partial fluxes of furfural, sugars and sugar alcohols.  The 

reason is that both models used an Arrhenius relationship to describe the temperature 

dependence of the flux.  From the experimental results it can be seen that the partial fluxes 

of furfural, sugars and sugar alcohols did not increase exponentially with temperature, which 

means an Arrhenius relationship cannot be used to describe the temperature dependence of 

these partial fluxes. 
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Figure 5-15: (A) Plot of predicted partial water flux data (B) Plot of experimental values versus 
predicted values using Fick’s law (▪▪▪) and the solution diffusion model (−−−) 

 

Figure 5-16: (A) Plot of predicted partial furfural flux data (B) Plot of experimental values 
versus predicted values using Fick’s law (▪▪▪) and the solution diffusion model (−−−) 

 

Figure 5-17: (A) Plot of predicted partial acids flux data (B) Plot of experimental values versus 
predicted values using Fick’s law (▪▪▪) and the solution diffusion model (−−−) 
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Figure 5-18: (A) Plot of predicted partial sugars flux data (B) Plot of experimental values versus 
predicted values using Fick’s law (▪▪▪) and the solution diffusion model (−−−) 

 

Figure 5-19: (A) Plot of predicted partial sugar alcohols flux data (B) Plot of experimental 
values versus predicted values using Fick’s law (▪▪▪) and the solution diffusion model (−−−) 

 Conclusion 5.3

A commercially available PDMS membrane was used for the fractionation of an acidic 

hydrolysate from steam treated wood.  The membrane was able to remove water, furfural, 

organic acids and small amounts of monomeric sugars and sugar alcohols from the acidic 

hydrolysate.  The PDMS membrane successfully retained 100% of the higher molecular 

weight components (polysaccharides and lignin), as well as the majority of the monomeric 

sugars and sugar alcohols.  The total flux increased with increasing temperature and a 

maximum total flux of 2171 ± 108 g.m-2.h-1 was obtained at 80°C.  The highest water, 

furfural, organic acids, monomeric sugars and sugar alcohols enrichment factors were 1.03 ± 

0.001, 2.12 ± 0.07, 0.25 ± 0.02, 0.03 ± 0.003 and 0.01 ± 0.001 respectively. The PDMS 

membrane was therefore most selective towards furfural and water, but also removed a 
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relatively large amount of organic acids.  It was also found that coupled transport inhibited 

the permeation of furfural and organic acids, while the permeation of monomeric sugars was 

enhanced by the coupling effects.   It might therefore be possible to remove all the furfural 

and organic acids from the acidic hydrolysate by increasing the membrane area.  It is 

recommended that the experiments be repeated using several membrane modules in series 

to determine how the composition of the permeate changes if the retentate from one 

membrane is used as the feed to the next membrane.  
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Chapter 6                
Summary 

Overview 

This chapter combines the results from Chapter 4 and Chapter 5 to determine which 

membrane was more successful when separating the 5 g/L acetic acid-water solution, the 1 

g/L furfural-water solution and the acidic hydrolysate.  The results from this study were also 

compared to the most important results obtained in similar pervaporation studies. 
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In this chapter, the main findings of this study is summarised and related to the 

aim/objectives.  The aim of this study was to recover organic acids and furfural from an 

acidic hydrolysate from steam treated wood using pervaporation.  A screening process was 

used in Chapter 3 to select pervaporation membranes that are most suited for this particular 

application.  The feed composition, membrane limitations and the affinity of the membranes 

towards the desired components were all factors that were considered during the screening 

process.  During the screening process (Chapter 3) two organophilic pervaporation 

membranes were identified as suitable membranes for this application, namely a 

polydimethylsiloxane (PDMS) membrane and polyether block amine (PEBA) membrane. 

Pervaporation experiments were initially carried out with a 5 g/L acetic acid-water solution 

and a 1 g/L furfural-water solution to determine whether the selected membranes are able to 

recover acetic acid and furfural from dilute aqueous solutions.  The effect of temperature on 

the flux and selectivity was evaluated by increasing the feed temperature from 40 to 80°C, 

using intervals of 10°C.  The pervaporation experiments were then repeated using the acidic 

hydrolysate as feed.  The results from the acidic hydrolysate experiments were then 

compared to the results from the pure water and binary mixture experiments to evaluate the 

effect of concentration polarisation and coupling effects. 

The results from the PEBA and PDMS membrane experiments were discussed in Chapter 4 

and Chapter 5, respectively.  The following sections will therefore compare the results from 

the two membranes to determine which membrane was best suited for the recovery of 

organic acids and furfural from the acidic hydrolysate. 

 Separation of a 5 g/L acetic acid-water solution 6.1

The influence of temperature on the separation of a 5 g/L acetic acid-water solution were 

investigated to determine whether the PEBA and PDMS membranes are able to separate 

acetic acid from a dilute aqueous solution.  The separation performance of both membranes 

was compared in terms of the total flux and acetic acid-water separation factor, as seen in 

Figure 6-1.  It was observed that the total flux increased with temperature for both 

membranes, as seen in Figure 6-1A.  Various researchers have attributed this phenomenon 

to the increased mobility of the molecules in the feed at higher temperatures (Li et al., 2003; 

Luo et al., 1997; Yahaya, 2008).  When using polymeric membranes, an increase in 

temperature can lead to an increase in the amount of free volume in the membrane due to 

the thermal motion of the polymer chains in the membrane’s amorphous regions (Tripathi et 

al., 2010; Yahaya, 2008).  The increase in free volume increases the total and partial fluxes 

of all the components.   
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As seen in Figure 6-1B, both membranes were more selective towards water than acetic 

acid since the acetic acid-water separation factors were smaller than 1.  The acetic acid-

water separation factor increased with temperature, which means that the membrane 

became more selective towards the slower permeating components as the temperature 

increased.  This phenomenon can also be explained by the increased mobility of the polymer 

chains at higher temperatures.  Since the polymer chains are more flexible, the membrane 

becomes less resistant towards the slower permeating components (acetic acid in this case), 

which often results in a small decrease in the selectivity (Böddeker, 1990; Jiraratananon et 

al., 2002; Smitha et al., 2004; Yahaya, 2008). 

From Figure 6-1A it can be seen that the total flux through the PEBA membrane was higher 

than that of the PDMS membrane at higher temperatures, whereas the acetic acid-water 

separation factors were almost identical for both membranes (Figure 6-1B).  Overall, the 

PEBA membrane was identified as the more desirable membrane for the separation of a 

5g/L acetic acid-water mixture, although the membrane was still more selective towards 

water that acetic acid.  The results from this study were compared to the most relevant 

results from similar pervaporation studies, which are presented Table 6-1.  Comparison of 

the results obtained in this study to literature can only be relative since different membranes, 

feed concentrations and operating conditions were used in all these studies.   

It was found that the maximum total fluxes obtained in this study by both the PDMS and 

PEBA membranes were significantly higher than the total fluxes obtained by other 

researchers. However, the acetic acid-water separation factors reported in this study was 

lower than that reported by other researchers.   

 

Figure 6-1: Comparison of the total flux (A) and acetic acid-water separation factors (B) 
obtained when using the PEBA (♦) and PDMS (■) membranes for the separation of an acetic 

acid-water solution
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Table 6-1: Pervaporation studies on the removal of acetic acid 

Feed Membrane Maximum total flux 

(g.m-2h-1) 

Selectivity 

(αacetic acid,water) 

Conditions Reference 

Model anaerobic 

digestion solution 

PEBA 229 8 0.5 g/L acetic acid, 70°C Choudhari et al. (2015) 

Water and acetic acid PDMS (5% silica 

filled) 

400 1.5 100 g/L acetic acid, 70°C, 

0.1 kPa 

Hong et al. (2011) 

Water and acetic acid PDMS membrane 116 

 

1.45 

 

100 g/L acetic acid, 55°C, 

16 Pa 

Lu et al. (2000) 

Water and acetic acid Silicalite membrane  38 2.6 15 vol% acetic acid, 30°C, 

0.26 kPa 

Sano et al. (1997) 

Water and acetic acid Sn-ZSM-5 membrane 490 7.7 50 g/L acetic acid, 90°C, 

0.4 kPa 

Sun et al. (2009) 

Acetic acid, water 

and ethanol 

Vinyltriethoxy-silane 

modified membrane 

165 1.45 2.6 g/L acetic acid, 35 °C, 

0.27 kPa 

Yi et al. (2015) 

Water and acetic acid PEBA 4017 0.50 5 g/L acetic acid, 80°C, 

8.5 ± 4 kPa, 

This work 

Water and acetic acid PDMS 2675 0.49 5 g/L acetic acid, 80°C, 

8.5 ± 4 kPa, 

This work 

Acidic hydrolysate PEBA 1203 0.01 4.58 g/L acetic acid, 80°C, 

8.5 ± 4 kPa, 

This work 

Acidic hydrolysate PDMS 2171 0.27 4.58 g/L acetic acid, 80°C, 

8.5 ± 4 kPa, 

This work 
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Table 6-2: Pervaporation studies on the removal of furfural 

Feed Membrane Maximum total flux 

(g.m-2h-1) 

Selectivity 

(αfurfural, water) 

Conditions Reference 

Furfural and water PDMS 1500 66 10.6 g/L furfural, 95°C, 

0.65 kPa 

Cai et al. (2013) 

Furfural, ethanol and 

water 

PDMS 747 6.8 1 g/L furfural in feed, 

30°C, 1 kPa 

Gaykawad et al. (2013) 

Furfural and water Polyurethaneurea 

membrane, 20 

mole% diamine 

45 350 20 g/L furfural, 75°C, 0.67 

kPa 

Ghosh et al. (2007) 

Furfural and water PDMS membrane 2500 

 

26 10 g/L furfural in feed, 95 

C, 0.2 kPa 

Hu et al. (2015) 

Furfural and water ZIF-8-PMPS 

nanocomposite 

membrane 

1800 17.6 10 g/L furfural, 120°C Liu et al. (2013) 

Furfural, water and 

ethanol 

Vinyltriethoxy-silane 

modified membrane 

255 95 15 g/L furfural, 35°C, 0.27 

kPa 

Yi et al. (2015) 

Furfural and water PEBA 3794 3.3 1 g/L furfural, 80°C, 8.5 ± 

4 kPa 

This work 

Furfural and water PDMS 2595 6.45 1.45 g/L furfural, 80°C, 8.5 

± 4 kPa 

This work 

Acidic hydrolysate PEBA 1203 0.07 1 g/L furfural, 80°C, 8.5 ± 

4 kPa 

This work 

Acidic hydrolysate PDMS 2171 1.19 1.45 g/L furfural, 50°C, 8.5 

± 4 kPa 

This work 
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 Separation of a 1 g/L furfural-water solution 6.2

The influence of temperature on the separation of a 1 g/L furfural-water solution were 

investigated to determine whether the PEBA and PDMS membranes are able to separate 

furfural from a dilute aqueous solution.  The total flux and furfural-water separation factors 

from both membranes are given in Figure 6-2.   At 40 and 50°C, the flux and selectivity from 

both membranes were almost identical.  At higher temperatures, the total flux obtained by 

the PEBA membrane was higher than that of the PDMS membrane, whereas the furfural-

water separation factor from the PDMS membrane was higher in comparison to the PEBA 

membrane.  The performance separation index (PSI) was calculated to evaluate the overall 

performance of the membranes.  From Figure 6-3 it can be seen that the PSI values from 

the PDMS membrane was higher than that of the PEBA membrane, especially at higher 

temperatures.  The PDMS membrane was therefore more suited for the recovery of furfural 

from a 1g/L furfural-water solution than the PEBA membrane.   

A summary of the most important results from pervaporation studies that focussed on the 

recovery of furfural from aqueous solutions are given in Table 6-2.  In comparison, the total 

fluxes obtained in this study were high compared to literature, while the furfural selectivities 

were slightly lower.   

 

Figure 6-2: Comparison of the total flux (A) and furfural-water separation factors (B) obtained 
when using the PEBA (♦) and PDMS (■) membranes for the separation of an furfural-water 

solution 
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Figure 6-3: Performance separation index of furfural when using the PEBA (♦) and PDMS (■) 
membranes 

 Separation of an acidic hydrolysate from steam treated wood 6.3

The influence of temperature on the separation of an acidic hydrolysate from steam treated 

wood was investigated by increasing the feed temperature from 40 to 80°C, using intervals 

of 10°C.  The separation efficiency of the PEBA and PDMS membranes were compared 

based on the total fluxes and selectivities.  The total fluxes obtained during the acidic 

hydrolysate experiments when using the PEBA and PDMS membranes are presented in 

Figure 6-4, while the composition of the feed and permeate samples are given in Table 6-3.   

From Table 6-3 it can be seen that the PDMS membrane was much more selective towards 

organic acids and furfural than the PEBA membrane.  The PDMS membrane was able to 

remove water, furfural, acids (acetic acid, citric acid, formic acid and succinic acids) and 

trace amounts of sugars (glucose and xylose) and sugar alcohols (sorbitol and xylitol) from 

the acidic hydrolysate.  The PEBA membrane only separated water and trace amounts of 

acetic acid and furfural from the acidic hydrolysate. 

As discussed in Chapter 4, the permeation of organic acids and furfural through the PEBA 

membrane was most likely inhibited by concentration polarisation since the calculated 

concentration polarisation index values were much smaller than 1. 

From the results presented in Table 6-3 and Figure 6-4 it can be seen that the PDMS 

membrane is better suited for the recovery of organic acids and furfural from the acidic 

hydrolysate than the PEBA membrane.   
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Figure 6-4: Comparison of the total fluxes obtained during the acidic hydrolysate experiments 
when using the PEBA (♦) and PDMS (■) membranes 

Table 6-3: Comparison of the acidic hydrolysate feed composition to the composition of the 
permeate samples   

Component 
Feed composition 

(g/L) 

PEBA permeate 

composition (g/L) 

PDMS permeate 

composition (g/L) 

Acetic acid 4.580 ± 0.205 0.057 – 0.096 0.771 – 1.434 

Arabinose 0.402 ± 0.036 n.d 0.001 – 0.003 

Cellobiose 1.726 ± 0.091 n.d n.d 

Citric acid 0.357 ± 0.016 n.d 0.001 – 0.006 

Formic acid 0.716 ± 0.087 n.d 0.063 – 0.092 

Furfural 1.454 ± 0.135 0.081 – 0.195 1.323 – 3.278 

Glucose 0.296 ± 0.009 n.d 0.015 – 0.102 

Glycerol 0.072 ± 0.006 n.d n.d 

Sorbitol 0.232 ± 0.017 n.d 0.001 – 0.003 

Succinic acid 0.102 ± 0.011 n.d 0.001 – 0.005 

Sucrose 1.026 ± 0.113 n.d n.d 

Water 958.5 ± 14.23 ~ 1000 997 - 998 

Xylitol 0.087 ± 0.016 n.d 0.001 – 0.002 

Xylose 2.458 ± 0.107 n.d 0.001 – 0.002 

Polysaccharides and 

lignin 
22.59 ± 0.634 

n.d n.d 

n.d = not detected  
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Chapter 7                  
Conclusion and Recommendations 

Overview 

In this study two commercially available pervaporation membranes were evaluated to 

determine whether organic acids and furfural can be recovered from an acidic hydrolysate 

from steam treated wood.  In this Chapter conclusions are drawn based on the results 

discussed in previous chapters and recommendations are made for future work. 
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 Conclusions 7.1

This study was undertaken to determine whether organic acids and furfural can be 

recovered efficiently from an acidic hydrolysate from steam treated wood with pervaporation.  

Two commercially available organophilic membranes were identified as most suited for this 

application during the screening process, i.e. polydimethylsiloxane (PDMS) membrane and 

polyether block amine (PEBA) membrane.   

The PEBA membrane was highly water selective when separating the acidic hydrolysate 

since the permeate consisted of 99.9 wt% water with only trace amounts of furfural and 

acetic acid.  It was found that concentration polarisation might have affected the permeation 

of the organic components through the membrane.  The maximum acetic acid and furfural 

enrichment factors were only 0.022 ± 0.003 and 0.103 ± 0.005, respectively.  The PEBA 

membrane is therefore not suited for the recovery of organic acids and furfural from the 

acidic hydrolysate.  However, the PEBA membrane yielded a relatively high maximum total 

flux of 1203 ± 39 g.m-2.h-1, which means that this membrane might be employed for the 

recovery and purification of water. 

The PDMS membrane performed better than the PEBA membrane in terms of total flux and 

selectivity towards organic acids and furfural.  The PDMS membrane separated water, 

furfural, organic acids (acetic acid, citric acid, formic acid and succinic acid) and trace 

amounts of monomeric sugars (glucose and xylose) and sugar alcohols (sorbitol and xylitol) 

from the acidic hydrolysate.  It was found that the total flux increased with increasing 

temperature according to an Arrhenius relationship to yield a maximum flux of 2638 ± 132 

g.m-2.h-1 at 80°C.  The highest enrichment factors of water, furfural, organic acids, 

monomeric sugars and sugar alcohols were 1.035 ± 0.001, 2.119 ± 0.065, 0.247 ± 0.023, 

0.034 ± 0.003 and 0.010 ± 0.001, respectively.  The PDMS membrane was therefore most 

selective towards furfural and water, but also removed a significant amount of acids from the 

acidic hydrolysate.  This study succeeded in recovering organic acids and furfural from the 

acidic hydrolysate using the PDMS membrane. 

Fick’s law and the solution-diffusion model were used to describe the mass transport of the 

permeating components through the membranes.  It was shown that sorption was the rate 

controlling step during the permeation of water.   Fick’s law predicted the partial water flux 

through both membranes accurately, while both Fick’s law and the solution-diffusion model 

predicted the partial acids flux through the PDMS membrane accurately.   

Both models used an Arrhenius relationship to describe the temperature dependence of the 

flux.  Since the partial fluxes of furfural, sugars and sugar alcohols did not increase 

exponentially with temperature, their partial fluxes could not be modelled accurately. 
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 Recommendations 7.2

This study investigated the effect of feed temperature on the separation of pure water, a 5 

g/L acetic acid-water solution, a 1 g/L furfural-water solution and the acidic hydrolysate from 

steam treated wood.  The permeate pressure and volumetric flow rate were kept constant 

during these experiments.   

During the acidic hydrolysate experiments, it was found that coupling effects and 

concentration polarisation might have affected the permeation of certain components.   To 

truly distinguish between these phenomena, the volumetric flow rate needs to be varied.  It 

was shown in other studies (Feng & Huang, 1997; She and Hwang, 2004; Wijmans et al., 

1996) that the thickness of the boundary layer responsible for concentration polarisation was 

reduced by increasing the volumetric flow rate.    

In this study the experiments were conducted in dead-end filtration mode, which means that 

the rejected material was circulated back to the feed vessel.  Experiments should also be 

repeated in cross-flow operation.  It was assumed that the feed composition stayed relatively 

constant during the experiments since a large feed vessel was used.  For future work it is 

important to investigate the separation of the rejected material.  It is therefore recommended 

that the experiments be repeated using several membrane modules in series to determine 

how the composition of the permeate changes if the retentate from one membrane is used 

as the feed to the next membrane. 

The PDMS membrane separated water, furfural, organic acids and trace amounts of 

monomeric sugars and sugar alcohols from the acidic hydrolysate.  Additional membrane 

stages will be required for further separation of the permeate.  It is therefore important to 

evaluate the separation of this permeate stream using both the PEBA and PDMS 

membranes. 

The acidic hydrolysate from steam treated wood was obtained from an industrial pulp mill.  

Small deviations during the process (i.e. wood quality, temperature, pressure) might affect 

the pH and composition of the acidic hydrolysate.   Pervaporation experiments should 

therefore be repeated using acidic hydrolysate streams with slightly different compositions. 

The PEBA membrane was water selective during the acidic hydrolysate experiments and 

can be used to concentrate the feed.  It is worth investigating whether the PDMS membrane 

will be more selective towards organic components when separating a more concentrated 

effluent stream.   
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It is also important to determine whether this separation process is economically feasible.  A 

techno-economic evaluation should therefore be conducted, which will require further 

investigations into membrane fouling and operation costs. 

In this study, it was found that some of the modelling results were not statistically significant.  

More data points will therefore be required in future work. 
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Appendix A TAPPSA article 
 

Overview 

The results from this chapter were presented at the TAPPSA National Conference and 

Exhibition 2016. 
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Separation of acetic acid and furfural from an acidic hydrolysate 

from steam-treated wood using hydrophobic pervaporation 

membranes 

Abstract 

In this comparative study, two hydrophobic pervaporation membranes were used for the 

recovery of acetic acid and furfural from an acidic hydrolysate from steam treated wood.  

Both the polydimethylsiloxane (PDMS) and the polyether block amine (PEBA) membranes 

were able to separate acetic acid and furfural from the acidic hydrolysate.  It was found that 

both the acetic acid and furfural partial fluxes increased with temperature for both 

membranes. At 80°C, a maximum acetic acid partial flux of 3.11 g.m-2h-1 and a maximum 

furfural partial flux of 3.67 g.m-2h-1 were obtained with the PDMS membrane.  For the PEBA 

membrane, the maximum acetic acid and furfural partial fluxes were 0.08 g.m-2h-1 at 80°C 

and 0.13 g.m-2h-1 at 60°C.  Both membranes were also more selective towards furfural than 

acetic acid.  From the partial flux data, it is evident that the PDMS membrane is more suited 

for the separation of acetic acid and furfural from the acidic hydrolysate. 

KEYWORDS: Acetic hydrolysate, pervaporation, acetic acid, furfural, flux, selectivity 

A-1 Introduction 

The negativity associated with fossil-based processes has necessitated the replacement of 

petroleum based products with their bio-based counterparts (Shen et al., 2013; Zhang & 

Lynd, 2004).  Biorefineries have attracted much attention as alternative processes for the 

production of fuels and chemicals by using lignocellulosic raw materials as feedstock (Kamm 

et al., 2006; Liu et al., 2012; Maartens et al., 2002; Saeed et al., 2012).  The global paper 

and pulp industry is one of the largest consumers of wood in the world and produces large 

amounts of lignocellulosic waste that can potentially be recovered and sold.  Various effluent 

streams from paper and pulp mills contain significant amounts of organic materials such as 

lignin, organic acids, sugars and furfural (Li et al., 2012; Saeed et al., 2011; Shen et al., 

2011) that have commercial value if it can be recovered.   

Kraft pulping effluent streams contain monomeric sugars that are formed during the 

degradation of hemicellulose.    Hemicellulose is a matrix of polysaccharides that include 

monomeric sugars such as arabinose, xylose, glucose, mannose and galactose (Bierman, 

1996:33; Várnai et al., 2010).  Monomeric sugars can be used as the basis for a variety of 

products in the pharmaceutical, food and chemical industries (Sainio et al., 2013).  These 

products can include organic acids, furans and alcohols (Gao et al., 2011; Kamm et al., 

2006; Sainio et al., 2013).  One of the largest drawbacks of using these kind of effluent 
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streams for ethanol production is fermentation inhibition caused by the presence of furfural 

and acetic acid (Ahsan et al., 2012; Cai et al., 2013; Liu et al., 2012; Qi et al., 2011; Shen et 

al., 2011),   Apart from being inhibitors of fermentation, furfural and acetic acid are also 

valuable chemicals.  The recovery of these compounds can therefore be profitable if the 

operating cost of the selected separation process is low. 

In recent years, a substantial amount of research focussed on membrane technology as a 

separation process since it is a low-energy and environmentally friendly (Agashichev, 

2012:1; Fouad & Feng, 2008; Lipnizki et al., 1999) separation method.  Some of these 

studies focussed on the separation of acetic acid and/or furfural from fermentation broths 

(Gautam & Menkhaus, 2014; Qi et al., 2011; Zhou et al., 2013) and kraft-based effluent 

streams (Ahsan et al., 2012; Ahsan et al., 2014; Sainio et al., 2013; Wang et al., 2015) using 

ultrafiltration, nanofiltration or reverse osmosis.  Most of these studies had to incorporate 

other processes, such as adsorption on activated carbon (Ahsan et al., 2012; Ahsan et al., 

2014), or extra membrane stages (Sainio et al., 2013) prior to filtration to reduce fouling.  

Studies that did not include additional processing steps reported high fouling (Gautam & 

Menkhaus, 2014; Wang et al., 2015).   

Pervaporation is a relatively new membrane process that uses nonporous membranes (Feng 

& Huang, 1997; Smitha et al., 2004) and has proven to be more resistant to fouling than 

other membranes processes (Bolto et al., 2009; Smitha et al., 2004; Wang et al., 2016).  

Unlike other membrane processes, pervaporation does not separate components based on 

molecular sizes; instead the relative affinity of the membrane towards one or more of the 

components in the feed brings about separation (Marx et al., 2005; Shao & Huang, 2007).  A 

vacuum pump or sweeping gas is usually placed on the permeate side of the membrane to 

maintain a lower pressure on the downstream face of the membrane (Feng & Huang, 1997; 

Rautenbach, 1990:390; Shao & Huang, 2007).  Consequently, a chemical potential gradient 

(Feng & Huang, 1997; Lipnizki et al., 1999) appears across the membrane, which acts as 

the driving force for mass transport. 

In recent years, various studies have investigated the recovery of acetic acid (Hong et al., 

2011; Lu et al., 2000; Sano et al., 1997) and furfural (Ghosh et al., 2007; Liu et al., 2013; 

Sagehashi et al., 2007) from binary mixtures using pervaporation.  Unfortunately, very few 

pervaporation studies focussed on the recovery of acetic acid and furfural from 

multicomponent mixtures.  Cai et al. (2013) studied the efficiency of a polydimethylsiloxane 

(PDMS) membrane for the detoxification of a sweet sorghum bagasse hydrolysate and 

reported a maximum furfural selectivity (αfurfural,water ) of 66 and a maximum permeate flux of 

1057 g.m-2h-1 at 95°C and a downstream pressure of 0.65kPa.  On the other hand, Sano et 
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al. (1997) investigated the recovery of acetic acid from vinegar (produced by fermentation), 

which contained small amounts of alcohol, carboxylic acids and amino acids.  The permeate 

flux through the silicalite membrane was 20 g.m-2h-1, while the acetic acid/alcohol separation 

was 1.65 at 30°C and a downstream pressure of 0.27 kPa.  

This work is aimed at finding a suitable pervaporation membrane for the separation of acetic 

acid and furfural from an acidic hydrolysate from steam treated wood. This is achieved by 

comparing the flux and selectivity through two membranes at various temperatures using 

binary mixtures as well as the acetic hydrolysate. 

A-2 Experimental 

Materials 

Two commercially available flat sheet pervaporation membranes were purchased from 

Pervatech B.V. (Enter, Netherlands), namely polydimethylsiloxane and polyether block 

amine (PEBA) membranes.  These hydrophobic membranes were designed for organophilic 

separations and can operate at low pH values.  The membrane properties and limits of 

operation of these two membranes are summarised Table A-1. 

Table A-1: Membrane properties and limits of operation 

 PEBA membrane PDMS membrane 

Maximum temperature (°C) 80 80 

Maximum pressure (bar) 5 5 

pH 3-8 1-12 

Nonporous layer thickness (µm) 1.373 11.76 

The thickness of the nonporous, top layer of both membranes was determined using a 

scanning electron microscope (SEM) as illustrated in Figure A-1 

 

Figure A-1: Scanning electron microscope image of A) PEBA membrane and B) PEMS 
membrane 

A B
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The acidic hydrolysate from steam treated wood contains acids, sugars, lignin and furfural.  

HPLC grade glacial acetic acid was purchased from Associated Chemical Enterprises Pty. 

Ltd. (Johannesburg, South Africa) while 99% furfural was obtained from Sigma-Aldrich Pty. 

Ltd. (Johannesburg, South Africa). 

Pervaporation equipment 

The pervaporation experiments were carried out using a standard pervaporation setup.  A 

schematic diagram of the pervaporation apparatus is presented im Figure A-2.  A heating 

mantle (1) is used to bring the feed inside the 6L feeding vessel (2) to the desired 

temperature.  The magnetic pump (3) circulates the feed between the feed vessel and the 

membrane module (4) with a flow rate of 19.6 mL/s.  The membrane module is operated in 

dead-end filtration mode, which means that certain molecules selectively absorb into the 

pervaporation membrane while the rejected material are circulated back to the feeding 

vessel. The vacuum pump (5) on the permeate side is responsible for the evaporation of the 

absorbed molecules, which increases the rate of diffusion and desorption. Finally, liquid 

nitrogen is used to collect the permeate in cold traps (6). The cold trap is removed and 

replaced by a new cold trap after a certain time interval, while the mass of the permeate is 

determined using a four decimal balance.  When the mass of the permeate reaches a 

constant value, steady state is reached and the experiment is completed. 

 

Figure A-2: Schematic diagram of the pervaporation apparatus 

The performance of a pervaporation membrane is evaluated by calculating the flux and 

separation factor at steady state.  The flux gives an indication of how fast the permeating 
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components move through the membrane, while the separation factor shows how selective 

the membrane is towards one of the components.  

The total flux through the membrane is calculated with Equation A-1(Feng & Huang, 1997; 

Matuschewski & Schedler, 2008; Neel, 1991), where Wp is the total mass of the permeate, 

Am is the effective membrane area, and t is the collection time of the permeate. 

𝐽𝑡𝑜𝑡𝑎𝑙 =
𝑊𝑝

𝐴𝑚 . 𝑡
 Equation A-1 

The partial flux of the individual components is then calculated using Equation A-2, where wi
p 

is the weight fraction of component i in the permeate. 

𝐽𝑖 = 𝐽𝑡𝑜𝑡𝑎𝑙𝑤𝑖
𝑝
 Equation A-2 

The separation factor is calculated as the quotient of the ratios of the two components in the 

permeate (p) and the feed (f), with i the preferentially sorbed compound, as seen in Equation 

A-3 (Cunha et al., 2002; Feng & Huang, 1997; Ghosh et al., 2007; Neel, 1991; Rautenbach, 

1990).  The concentration of the components can be measured as a molar fraction, x, mass 

fraction, w, or partial pressure, p.  

𝛼𝑖,𝑗 =
(𝑤𝑖/𝑤𝑗)𝑝

(𝑤𝑖/𝑤𝑗)𝑓
 Equation A-3 

No separation occurs when the separation factor is unity, while high separation factors 

indicate good separation. 

In this study the separation efficiency of both membranes were evaluated using the 

hydrolysate, as well as a 5g/L acetic acid-water solution and a 1g/L furfural-water solution.  

The experiments were carried out at 40, 50, 60, 70 and 80°C.  The feed flow rate and the 

pressure on the permeate side was kept constant at 19.6 mL/s and 80 kPa, respectively. 

Analysis 

High pressure liquid chromatography (HPLC) was used to determine the composition of the 

feed and permeate samples. An Agilent technologies 1200 series HPLC system was used 

with a Biorad Aminex HPX-87H column.  The national renewable energy laboratory (NREL) 

standard method for the analysis of sugars, by-products and degradation products in liquid 

fraction process samples was used (Sluiter et al., 2006).  A 0.005 M sulphuric acid solution 

was used as mobile phase with a flow rate of 0.6 mL/min.  The sample volume was 10 µL, 

with a column temperature of 55°C. 
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A-3 Results and discussion 

Binary mixtures 

For comparison purposes, a 5g/L acetic acid-water solution and a 1g/L furfural-water 

solution were treated with both pervaporation membranes at 40, 50, 60, 70 and 80°C.  Both 

the acetic acid and furfural partial fluxes increased exponentially with temperature, as seen 

in Figure A-3 and Figure A-4 respectively.  This is because an increase in temperature 

increases the amount of free volume in the membrane due to the thermal motion of the 

polymer chains in the membrane’s amorphous regions (Jiraratananon et al., 2002; 

Mohammadi et al., 2005; Yahaya, 2008).  The free volume therefore increases the total and 

partial fluxes of all the components, which follows an Arrhenius-type law (Smitha et al., 

2004).    

ln 𝐽 = ln 𝐽0 −
𝐸𝑝

𝑅𝑇
  Equation A-4 

where J is the permeate flux, J0 is the pre-exponential factor, R is the gas constant, T is the 

temperature and Ep is the apparent activation energy for pervaporation. 

The PEBA membrane provided greater acetic acid partial fluxes than the PDMS membrane, 

with a maximum flux of 10.55 g.m-2h-1 compared to 6.69 g.m-2h-1 of the PDMS membrane at 

80°C.  On the other hand, the PDMS membrane showed greater furfural partial fluxes than 

the PEBA membrane, with a maximum furfural partial flux of 13.08 g.m-2h-1 compared to the 

11.10 g.m-2h-1 achieved with the PEBA membrane.   

 

Figure A-3: Effect of temperature on acetic acid partial flux through a PDMS membrane (■) and 

a PEBA membrane (♦) for a feed containing a 5g/L acetic acid - water solution 
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Figure A-4: Effect of temperature on furfural partial flux through a PDMS membrane (■) and a 

PEBA membrane (♦) for a feed containing a 1g/L furfural-water solution 

Acidic hydrolysate 

The acidic hydrolysate from steam treated wood contained approximately 5g/L acetic acid 

and 1g/L furfural.  Pervaporation experiments with the acidic hydrolysate were carried out at 

40, 50, 60, 70 and 80°C.  The effect of temperature on the partial fluxes of acetic acid and 

furfural through both the PDMS and PEBA membranes are presented in Figure A-5 and 

Figure A-6 respectively.  The acetic acid and furfural partial fluxes increased exponentially 

with temperature in both cases, although there is a dip in the furfural partial flux somewhere 

between 60°C and 70°C for both membranes.  The same phenomenon can be seen in other 

studies (Cai et al., 2013; Liu et al., 2013; Sagehashi et al., 2007) where the furfural flux 

showed a distinctive dip or peak between 60°C and 70°C.  It is assumed that the dip in the 

furfural partial flux at 70°C resulted in the corresponding dip in the acetic acid partial flux with 

the PEBA membrane.   

The maximum acidic acid partial flux for the PDMS membrane was 3.11 g.m-2h-1, compared 

to 0.08 g.m-2h-1 for the PEBA membrane.  The PDMS membrane is therefore much more 

selective towards acetic acid than the PEBA membrane.  Likewise, a greater furfural partial 

flux was obtained at 80°C with the PDMS membrane (3.67 g.m-2h-1) than with the PEBA 

membrane (0.13 g.m-2h-1).  It is evident from these results that the PDMS membrane is more 

suited for the removal of acetic acid and furfural from the acidic hydrolysate. 
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Figure A-5: Effect of temperature on acetic acid partial flux through a PDMS membrane (■) and 

PEBA membrane (♦) for a feed containing the acidic hydrolysate 

 

Figure A-6: Effect of temperature on furfural partial flux through a PDMS membrane (■) and 
PEBA membrane (♦) for a feed containing the acidic hydrolysate 

The furfural-acetic acid separation factor for both membranes is presented in Figure A-7.  

The separation factor for both membranes is greater than one, which means that both 

membranes are more selective towards furfural than acetic acid.  The PDMS membrane 

gives a maximum separation factor of 9.17 at 50°C, while the highest separation factor for 

the PEBA membrane is 5.18 at 50°C.  The PDMS membrane is more selective towards 

furfural than the PEBA membrane at low temperatures.  The PDMS membrane might 
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therefore be more suited to separate furfural from acetic acid in subsequent separation steps 

provided that the feed temperature is sufficiently low. 

 

Figure A-7: Effect of temperature on furfural/acetic acid separation factor for the PDMS 

membrane (■) and PEBA membrane (♦) 

By comparing the acidic hydrolysate partial fluxes to that of the binary mixtures, it is evident 

that the additional components present in the acidic hydrolysate inhibited the permeation of 

acetic acid and furfural through the membranes.  This can be explained by concentration 

polarisation, as well as the coupling effect.  Concentration polarisation is caused by the 

build-up of the rejected material at the surface of the membrane.  This additional layer at the 

surface of the membrane hinders the transport of the faster permeating components 

(Brüschke, 2001:144; Feng & Huang, 1997).  The transport of a component though a 

pervaporation membrane may also be affected by the presence of other components due to 

permeate-permeate and permeate-membrane interactions, which is known as the coupling 

effect.  Coupling phenomena can therefore explain why the partial flux of a component in a 

binary mixture differs from that in a multicomponent-mixture (Shao & Huang, 2007).  

The maximum acetic acid partial flux obtained with the PEBA membrane decreased from 

10.55 g.m-2h-1 in the acetic acid-water mixture to 0.08 g.m-2h-1 in the acidic hydrolysate, 

whereas the maximum acetic acid partial flux obtained with the PDMS membrane was 6.69 

g.m-2h-1 in the binary mixture and 3.11 g.m-2h-1 in the acidic hydrolysate.  The presence of 

other organic components in the acidic hydrolysate therefore had a larger effect on the 

permeation of acetic acid through the PEBA membrane than on the PDMS membrane.  

Similarly, the maximum furfural partial flux obtained with the PEBA membrane decreased 
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from 11.10 g.m-2h-1 in the furfural-water mixture to 0.13 g.m-2h-1 in the acidic hydrolysate, 

whereas the maximum furfural partial flux obtained with the PDMS membrane was 13.08 

g.m-2h-1 in the binary mixture and 3.67 g.m-2h-1 in the acidic hydrolysate.  The presence of 

other organic components in the acidic hydrolysate also had a bigger influence on the 

furfural permeation through the PEBA membrane than on the PDMS membrane.   

When separating the binary mixtures, the maximum partial fluxes obtained with both 

membranes were very similar.  On the other hand, for separating the components in the 

acidic hydrolysate, the partial fluxes obtained with the PDMS membrane were substantially 

greater than those obtained with the PEBA membrane.  Since the same feed and flow rate 

were used with both membranes, it is assumed that the effect of concentration polarisation 

would be similar for both membranes.  The inferior performance of the PEBA can therefore 

only be explained by component-membrane interactions.  The coupling effect therefore has 

a larger effect on the PEBA membrane than on the PDMS membrane. 

A-4 Conclusion 

The recovery of acetic acid and furfural from an acidic hydrolysate from steam treated wood 

was compared using two organophobic pervaporation membranes, namely 

polydimethylsiloxane (PDMS) and polyether block amine (PEBA) membranes.  It was found 

that the PDMS membrane is more suited for the separation of acetic acid and furfural from 

the acidic hydrolysate since it provided significantly higher partial fluxes than the PEBA 

membrane.  The maximum acetic acid and furfural partial fluxes obtained with the PDMS 

membrane were 3.10 and 3.67 g.m-2h-1, respectively.  The experiments were repeated with 

furfural-water and acetic acid-water mixtures to compare to the acidic hydrolysate results.  It 

was found that the acetic acid and furfural partial fluxes were significantly higher when 

separating binary mixtures, especially with the PEBA membrane.  The PEBA membrane was 

also more selective towards acetic acid than the PDMS membrane when separating the 

acetic acid-water binary mixture, with a maximum acetic acid partial flux of 10.55 g.m-2h-1.  It 

can therefore be concluded that interactions between the PEBA membrane and the organic 

components in the acidic hydrolysate is responsible for the inferior performance of the PEBA 

membrane. 
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Appendix B Sorption experiments 
 

B-1 Methodology 

A small membrane strip with an area of 2 cm2 was weighed to determine the initial (dry) 

mass.  The membrane strip was then submerged in a flask containing the pure solvent.  

After a set time, the membrane strip was removed from the solvent and blotted dry with 

tissue paper.  The membrane strip was then weighed and returned to the solvent.  The mass 

increase of the membrane strip was monitored over time until no further mass increase was 

observed, i.e. sorption equilibrium was reached. 

The degree of swelling (DS) was calculated as the amount of solvent absorbed into the 

membrane, divided by the initial mass of the membrane. 

DS =
(𝑊∞ − 𝑊0) 

𝑊0
× 100% 

Where W∞ is the total mass of the swelled membrane and W0 is the initial mass of the 

membrane. 

Pure component sorption experiments were carried out using water, acetic acid and furfural.   

B-2 Sample calculation of degree of swelling 

The sorption results of the PEBA membrane in pure acetic acid will be used to demonstrate 

how the degree of swelling of the membrane were calculated 

The initial mass of a 2cm2 PEBA membrane strip was 0.0280 g.  The membrane strip was 

submerged in pure acetic acid until no further mass increase was observed over time.  The 

swollen mass of the membrane after 1440 min was 0.0568 g.   

The degree of swelling of the PEBA membrane after 1440 min was: 

DS =
(𝑊∞ − 𝑊0) 

𝑊0
× 100% =

(0.0568 − 0.0280)

0.0280
× 100% = 103% 
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B-3 Calculated results 

 

Table B-1: Degree of swelling of PDMS membrane 

 Mass (g) Degree of swelling (%) 

Time (min) Acetic acid Furfural Water Acetic acid Furfural Water 

0 0.0306 0.0296 0.0291 0 0 0 

0.5 0.0451 0.0429 0.0313 47 45 8 

1 0.0499 0.0436 0.0317 63 47 9 

2 0.0530 0.0451 0.0331 73 52 14 

3 0.0530 0.0467 0.0322 73 58 11 

4 0.0542 0.0470 0.0328 77 59 13 

5 0.0537 0.0476 0.0324 75 61 11 

10 0.0556 0.0493 0.0333 82 67 14 

15 0.0575 0.0496 0.0335 88 68 15 

20 0.0582 0.0498 0.0330 90 68 13 

25 0.0571 0.0500 0.0335 87 69 15 

30 0.0572 0.0498 0.0332 87 68 14 

35 0.0573 0.0499 0.0335 87 69 15 

40 0.0577 0.0500 0.0336 89 69 15 

45 0.0565 0.0500 0.0331 85 69 14 

50 0.0576 0.0498 0.0333 88 68 14 

55 0.0580 0.0501 0.0335 90 69 15 

60 0.0569 0.0500 0.0332 86 69 14 

1440 0.0576 0.0497 0.0336 88 68 15 

Average 0.057 0.050 0.033 88 69 15 
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Table B-2: Degree of swelling of PEBA membrane 

 Mass (g) Degree of swelling (%) 

Time (min) Acetic acid Furfural Water Acetic acid Furfural Water 

0 0.0280 0.0292 0.0290 0 0 0 

0.5 0.0419 0.0426 0.0307 50 46 6 

1 0.0476 0.0453 0.0310 70 55 7 

2 0.0498 0.0458 0.0313 78 57 8 

3 0.0519 0.0475 0.0315 85 63 9 

4 0.0528 0.0491 0.0317 89 68 9 

5 0.0542 0.0486 0.0318 94 66 10 

10 0.0569 0.0504 0.0325 103 73 12 

15 0.0577 0.0520 0.0324 106 78 12 

20 0.0572 0.0533 0.0325 104 83 12 

25 0.0582 0.0541 0.0327 108 85 13 

30 0.0566 0.0549 0.0328 102 88 13 

35 0.0569 0.0563 0.0336 103 93 16 

40 0.0576 0.0553 0.0334 106 89 15 

45 0.0576 0.0559 0.0334 106 91 15 

50 0.0574 0.0558 0.0333 105 91 15 

55 0.0583 0.0557 0.0331 108 91 14 

60 0.0572 0.0575 0.0332 104 97 14 

65 0.0569 0.0568 0.0335 103 95 16 

70 0.0573 0.0573 0.0336 105 96 16 

75 0.0564 0.0567 0.0332 101 94 14 

80 0.0568 0.0576 0.0335 103 97 16 

85 0.0566 0.0572 0.0335 102 96 16 

90 0.0569 0.0573 0.0333 103 96 15 

95 0.0569 0.0575 0.0331 103 97 14 

100 0.0571 0.0572 0.0335 104 96 16 

1440 0.0568 0.0579 0.0334 103 98 15 

Average 0.0569 0.0575 0.0334 103 97 15 
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B-4 Graphical representation of the sorption results 

 

Figure B-1: Degree of swelling of the PEBA membrane over time for water (♦), acetic acid (■) 
and furfural (▲) 

 

Figure B-2: Degree of swelling of the PDMS membrane over time for water (♦), acetic acid (■) 
and furfural (▲) 
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Appendix C HPLC calibration curves 
 

The composition of the acidic hydrolysate, binary mixtures and permeate samples were 

analysed using high pressure liquid chromatography (HPLC).  An Agilent Technologies 1200 

series HPLC system with a Biorad Aminex HPX-87H column was used together with a 

refractive index (RI) detector.  The national renewable energy laboratory (NREL) standard 

method for the analysis of sugars, by-products and degradation products in liquid fraction 

process samples were used (Sluiter et al., 2006).  A 0.005 M sulphuric acid solution was 

used as the mobile phase with a flow rate of 0.6 mL/min.  The sample volume and column 

temperature were 10 µL and 55°C, respectively.  

HPLC was used to determine the concentration of sugars, acids, sugar alcohols and furfural 

in the acidic hydrolysate and the permeate.  Components were identified by comparing the 

retention time of each peak to the retention times of known components.  The retention 

times of various components in acidic hydrolysate are presented in Table C-1. 

Table C-1: Retention times of various components 

Component Retention time (min) 

Xylan 6.1 

Cellobiose 7.0 

Citric acid 7.2 

Sucrose 7.4 

Glucose 8.6 

Mannose 9.2 

Xylose 9.3 

Mannitol 9.5 

Sorbitol 9.7 

Xylitol 10.7 

Arabinose 10.9 

Succinic acid 11.6 

Glycerol 12.8 

Formic acid 13.4 

Acetic acid 14.7 

Furfural 50.0 

 

The calibration curves that were used to determine the concentration of the various 

components present in acidic hydrolysate from steam treated wood are given in Figure C- to 

Figure C-13.  Different concentrations, ranging from 0.3 to 5 g/L, of each component were 

analysed using HPLC.  The areas of the peaks (nRiu*S) were then plotted against the 

corresponding concentrations (g/L) to obtain a calibration curve.  A straight line with an 
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intercept of (0, 0) was fitted through the data points.  The slopes from each plot is 

summarised in Table C-2. 

Table C-2: Retention times of various components 

Component Slope 

Cellobiose 7.059E-06 

Citric acid 6.974E-06 

Sucrose 7.261E-06 

Glucose 8.353E-06 

Xylose 8.086E-06 

Sorbitol 6.065E-06 

Xylitol 6.000E-06 

Arabinose 6.235E-06 

Succinic acid 7.235E-06 

Glycerol 6.769E-06 

Formic acid 2.566E-05 

Acetic acid 1.614E-05 

Furfural 5.359E-06 

 

 

Figure C-1: HPLC calibration curve of cellobiose 
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Figure C-2: HPLC calibration curve of citric acid 

 
Figure C-3: HPLC calibration curve of sucrose 

 
Figure C-4: HPLC calibration curve of glucose 
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Figure C-5: HPLC calibration curve of xylose 

 
Figure C-6: HPLC calibration curve of sorbitol 

 
Figure C-7: HPLC calibration curve of xylitol 
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Figure C-8: HPLC calibration curve of arabinose 

 
Figure C-9: HPLC calibration curve of succinic acid 

 
Figure C-10: HPLC calibration curve of glycerol 
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Figure C-11: HPLC calibration curve of formic acid 

 
Figure C-12: HPLC calibration curve of acetic acid 

 
Figure C-13: HPLC calibration curve of furfural 
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Appendix D Acidic hydrolysate 

composition 

D-1 High pressure liquid chromatography (HPLC) 

Before each experiment, a sample of the feed (acidic hydrolysate) was taken for HPLC 

analysis.  Each sample was diluted with a 0.005M sulphuric acid solution (1:50) to prevent 

column overloading.  An example of a HPLC chromatograph of the acidic hydrolysate is 

given in Table D-1.  Each sample was analysed three times. 

 

Figure D-1: HPLC chromatograph of acidic hydrolysate 

The HPLC Biorad Aminex HPX-87H column was able to detect furfural, organic acids, 

sugars and sugar alcohols.  The feed samples from the PEBA and PDMS membrane 

experiments were analysed and used to calculate the average composition of the acidic 

hydrolysate, as seen in Table D-1.  
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Table D-1: Components detected when using HPLC to analyse acidic hydrolysate 

Component Concentration (g/L) 

Acetic acid 4.580 ± 0.205 

Arabinose 0.402 ± 0.036 

Cellobiose 1.726 ± 0.091 

Citric acid 0.357 ± 0.016 

Formic acid 0.716 ± 0.087 

Furfural 1.454 ± 0.135 

Glucose 0.296 ± 0.009 

Glycerol 0.072 ± 0.006 

Sorbitol 0.232 ± 0.017 

Succinic acid 0.102 ± 0.011 

Sucrose 1.026 ± 0.113 

Xylitol 0.087 ± 0.016 

Xylose 2.458 ± 0.107 

 

D-2 Water content analysis 

After analysis with HPLC the water, lignin and polysaccharide content of the acidic 

hydrolysate was still unknown.  To determine the water content of the acidic hydrolysate, all 

the liquids were removed from an acidic hydrolysate sample using a rotary evaporator 

(Rotavapor® R-210/215, Büchi, Switzerland)  A balance accurate to 0.0001g was used to 

determine the mass of the rotary evaporator flask, as well as the mass of a 20 mL acidic 

hydrolysate sample.  After all the liquids were removed, the flask containing the solids was 

placed in an oven at 105°C for three hours to remove any residual liquids.  The flask was 

then cooled in a desiccator before determining the weight of the solids.  High pressure liquid 

chromatography (HPLC) was used to determine the composition of the acidic hydrolysate 

sample and the solids (diluted with 20 mL of water).  The HPLC results are given in Table 

D-2.  The concentration of water and the unknown solids (lignin and polysaccharides) in the 

acidic hydrolysate was then calculated using a mass balance.  This method was repeated 

three times to calculate the experimental error.  The results are summarised in Table D-3. 
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Table D-2: HPLC results of the feed and solids samples 

Sample Cacetic 

acid (g/L) 

Cfurfural 

(g/L) 

Ccellubiose 

(g/L) 

Csucrose 

(g/L) 

Ccitric acid 

(g/L) 

Cglucose 

(g/L) 

Cxylose 

(g/L) 

Csorbitol 

(g/L) 

Carabinose 

(g/L) 

Cxylitol 

(g/L) 

Csuccinic 

acid (g/L) 

Cglycerol 

(g/L) 

Cformic 

acid (g/L) 

Feed 1 3.95E+00 4.40E-01 1.61E+00 1.01E+00 4.67E-01 3.43E-01 2.44E+00 2.09E-01 4.17E-01 4.30E-02 1.88E-02 2.53E-02 2.71E-01 

Solids 1 7.54E-01 0.00E+00 2.03E+00 1.06E+00 4.93E-01 3.23E-01 2.32E+00 2.64E-01 3.57E-01 7.53E-02 3.32E-02 2.75E-02 3.17E-01 

Evap 1 3.19E+00 4.40E-01 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 

Feed 2 4.38E+00 4.31E-01 2.18E+00 1.12E+00 6.00E-01 3.86E-01 2.66E+00 2.03E-01 3.63E-01 2.16E-02 9.09E-02 2.55E-02 3.36E-01 

Solids 2 7.74E-01 0.00E+00 2.21E+00 1.13E+00 6.05E-01 3.75E-01 2.75E+00 3.02E-01 4.02E-01 2.97E-02 7.21E-02 1.88E-02 2.78E-01 

Evap 2 3.61E+00 4.31E-01 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 

Feed 3 4.29E+00 6.40E-01 2.05E+00 1.07E+00 6.11E-01 4.08E-01 2.78E+00 2.10E-01 4.16E-01 5.25E-02 6.33E-02 2.35E-02 3.50E-01 

Solids 3 1.06E+00 0.00E+00 2.30E+00 1.20E+00 6.48E-01 4.31E-01 2.95E+00 3.14E-01 4.83E-01 6.23E-02 4.46E-02 4.15E-02 3.46E-01 

Evap 3 3.23E+00 6.40E-01 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 ~0.00E+00 

 

Table D-3: Water content of acidic hydrolysate   

Sample Vfeed 

(mL) 

Mfeed 

(g) 

Cfeed 

(g/L) 

Msolids 

(g) 

Csolids 

(g/L) 

Cknown solids 

(g/L) 

Cunknown solids 

(g/L) 

Cevaporated 

(g/L) 

Cwater 

(g/L) 

1 20 19.43 971.7 0.6375 31.88 8.019 23.86 939.8 936.2 

2 20 19.54 977.0 0.6446 32.23 8.890 23.40 944.8 940.8 

3 20 19.88 993.8 0.6070 30.35 9.092 21.26 963.5 959.6 

Average 20 19.62 980.9 0.6297 31.49 8.647 22.84 949.4 945.5 
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D-3 Gas permeation chromatography 

Gas permeation chromatography (GPC) was used to determine the composition of the 

higher molecular weight components present in the acidic hydrolysate.  A PerkinElmer 

Flexar liquid chromatography system was used with two Agilent PolarGel-L columns and a 

refractive index (RI) detector. The mobile phase was dimethyl sulfoxide:water (9:1 v/v) with 

0.5M lithium bromide. The flow rate and operating temperature were 0.4 mL/mil and 50°C, 

respectively.  Calibrations were done with glucose and Pullulan standards with the following 

molecular weights: 342, 1080, 6100, 9600, 21100, 47100 and 107000 g.mol-1 (Sigma-Aldrich 

Lot#BCBR0400V). 

The equivalent weight fraction distribution (w(M)) and the number fraction distribution (n(M)) 

of the acidic hydrolysate are given in Figure D-2 and Figure D-3, respectively.  In Figure D-2 

it can be seen that there was a large peak just below 100 g.mol-1, which includes the lower 

molecular weight components such as acetic acid (60 g.mol-1) and furfural (96 g.mol-1).  The 

second peak appeared between 100 and 200 g.mol-1, which includes xylose (150 g.mol-1), 

glucose (180 g.mol-1), arabinose (150 g.mol-1), sorbitol (182 g.mol-1), xylitol (152 g.mol-1), 

succinic acid (118 g.mol-1) and citric acid (192 g.mol-1).  These components were all 

identified and quantified with HPLC.  

From Figure D-2 and Figure D-3 it can be seen that the acidic hydrolysate also contained 

higher molecular weight components (M > 200 g.mol-1).  It was assumed that these higher 

molecular weight components include oligomers, polysaccharides and lignin fractions.  A 

summary of the most important results is presented in Table D-4. 
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Figure D-2: Equivalent weight fraction distribution 

 
Figure D-3: Number-fraction distribution 

Table D-4: Summary of GPC results 

Weight average molecular weight, g.mol-1 1030 

Number average molecular weight 304 

Polydispersity index 3.39 
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Appendix E Pervaporation experiments: 

PEBA membrane 
 

E-1 Sample calculations 

To demonstrate how the flux, selectivity and performance separation index (PSI) were 

calculated, one complete example will be given.  The data from the acidic hydrolysate 

experiment at 40°C will be used in the sample calculations. 

Total flux 

The total flux is calculated as the amount of permeate collected per unit membrane area per 

unit time (Feng & Huang, 1997; Matuschewski & Schedler, 2008; Neel, 1991).  

𝐽𝑡𝑜𝑡𝑎𝑙 =
𝑀𝑝

𝐴𝑚 . 𝑡
 

where MP is the total mass of the permeate, Am is the effective membrane area, and t is the 

collection time of the permeate. 

The effective membrane area used in this study was 5.542E-03 m2.  The total mass of the 

permeate was calculated using the data presented in Table E-1.  As seen in in Table E-1, 

the collection time of the permeate was 1 hour (60 minutes), while the steady state average 

of the permeate mass was 1.7867 g.   

𝐽𝑡𝑜𝑡𝑎𝑙 =
𝑀𝑝

𝐴𝑚 . 𝑡
=

1.7867 𝑔

(5.542𝐸 − 03 𝑚2)(1 ℎ)
= 322.4

𝑔

𝑚2. ℎ
 

Table E-1: Measured results when separating the acidic hydrolysate at 40°C 

Time (min) Cumulative time 

(min) 

Mtrap (g) Mtrap+permeate (g) Mpermeate (g) 

60 60 140.7105 142.9175 2.2070 

120 120 144.4856 146.4937 2.0081 

180 180 137.4459 139.2830 1.8371 

240 240 140.7194 142.5927 1.8733 

300 300 144.4953 146.3055 1.8102 

360 360 137.4452 139.2150 1.7698 

420 420 140.7161 142.4466 1.7305 

480 480 144.4867 146.3216 1.8349 

540 540 137.4447 139.2563 1.8116 

Steady state average 140.0232 141.8099 1.7867 
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Partial flux 

The last 4 samples from each experiment were analysed to determine the composition of the 

permeate at steady state.  The concentration of the permeate was calculated by determining 

the weight and volume of a sample, while HPLC was used to determine the concentration of 

acetic acid and furfural in the permeate sample.  The water content was then calculated by 

subtracting the concentrations of acetic acid and furfural from the permeate concentration. 

The partial flux of an individual component (Ji) can be calculated by multiplying the total flux 

(Jtotal) with the mass fraction of the component in the permeate (wi
p) 

𝐽𝑖 = 𝐽𝑡𝑜𝑡𝑎𝑙𝑤𝑖
𝑝
 

The weight fractions of the permeating components (acetic acid, furfural and water) in the 

permeate are presented in Table E-2.  The results from the acidic hydrolysate experiments 

at 40°C will be used in the sample calculation to demonstrate how the partial fluxes were 

calculated. 

𝐽𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 = 𝐽𝑡𝑜𝑡𝑎𝑙𝑤𝑎
𝑝

=  322.4
𝑔

𝑚2.ℎ
 × 8.378𝐸 − 05 = 0.027 

𝑔

𝑚2.ℎ
   

𝐽𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙 = 𝐽𝑡𝑜𝑡𝑎𝑙𝑤𝑓
𝑝 =  322.4

𝑔

𝑚2. ℎ
 × 1.492𝐸 − 04 = 0.048 

𝑔

𝑚2. ℎ
 

𝐽𝑤𝑎𝑡𝑒𝑟 = 𝐽𝑡𝑜𝑡𝑎𝑙𝑤𝑤
𝑝 =  322.4

𝑔

𝑚2. ℎ
 × 0.9997 = 322.3

𝑔

𝑚2. ℎ
 

Table E-2: Weight fraction of permeating components in the permeate 

Temperature (°C) Xacetic acid (g/g) Xfurfural (g/g) Xwater (g/g) 

40 8.378E-05 1.492E-04 0.9997 

50 8.834E-05 1.584E-04 0.9998 

60 9.640E-05 1.949E-04 0.9997 

70 5.718E-05 8.093E-05 0.9999 

80 6.408E-05 8.488E-05 0.9999 

Selectivity 

The selectivity of the membrane indicates how selective the membrane is towards a certain 

component in the feed.  For a binary mixture, the selectivity is expressed as a separation 

factor (αi,j) (Cunha et al., 2002; Feng & Huang, 1997; Ghosh et al., 2007; Neel, 1991; 

Rautenbach, 1990). 

𝛼𝑖,𝑗 =
(𝑤𝑖/𝑤𝑗)𝑝

(𝑤𝑖/𝑤𝑗)𝑓
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Where wi and wj are the weight fractions of components i and j in the permeate (p) and feed 

(f), respectively 

As an example, the acetic acid-water separation factor (αa,w) will be calculated using the 

mass fractions of water and acetic acid in the permeate and feed, respectively.   

𝛼𝑤,𝑎 =
(𝑤𝑤/𝑤𝑎)𝑝

(𝑤𝑤/𝑤𝑎)𝑓
=

(0.9997)/(8.378𝐸 − 05)

(0.9641)/(4.660𝐸 − 03)
= 57.675 

Table E-3: Weight fraction of permeating components in the feed 

Temperature (°C) Xacetic acid (g/g) Xfurfural (g/g) Xwater (g/g) 

40 4.660E-03 1.614E-03 0.9641 

50 4.660E-03 1.614E-03 0.9641 

60 4.435E-03 1.892E-03 0.9641 

70 4.189E-03 1.259E-03 0.9641 

80 4.687E-03 1.251E-03 0.9641 

 

When working with multi-component mixtures, an enrichment factor, β, is usually used to 

calculate the selectivity instead of the separation factor (Baudot & Marin, 1997; Katarzynski 

& Staudt-Bickel, 2006).  The enrichment factor (β) of a component can be calculated with the 

following equation. 

β =
𝑤𝑖

𝑝

𝑤𝑖
𝑓
 

As an example, the acetic acid enrichment factor at 40°C will be calculated using the mass 

fraction of acetic acid in the permeate (Table E-2) and feed (Table E-3). 

β =
8.378𝐸 − 05

4.660𝐸 − 03
= 1.798𝐸 − 02 

Performance separation index 

Huang and Yeom (1990) introduced a parameter that includes both the selectivity and flux 

as an overall performance parameter.  This composite parameter is known as the 

pervaporation separation index (PSI).  The PSI for a multicomponent mixture can be 

calculated using the following equation (Sosa et al., 2015). 

𝑃𝑆𝐼 = 𝐽𝑡𝑜𝑡𝑎𝑙 × β 

As an example, the PSI of acetic acid at 40°C will be calculated. 

𝑃𝑆𝐼 = 𝐽𝑡𝑜𝑡𝑎𝑙 × β = 322.4
𝑔

𝑚2. ℎ
× 1.798E − 02 = 5.797 

𝑔

𝑚2. ℎ
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E-2 Calculated results: Total flux 

Table E-4: Total flux from pure water experiments 

Temperature 

(°C) 

Patm 

(kPa) 

ΔP 

(kPa) 

Pvacuum 

(kPa) 

Mtrap 

(g) 

Mtotal 

(g) 

Mpermeate 

(g) 

Flux 

(kg.m-2.h-1) 

40 86.6 74.5 12.1 140.0238 141.2078 1.1840 0.4273 

50 86.7 76.3 10.4 140.9001 142.7151 1.8149 0.6640 

60 86.6 75.0 11.6 140.8426 144.0314 3.1888 1.1508 

70 86.8 76.8 10.0 140.0303 146.3928 6.3625 2.2962 

80 86.8 76.5 10.3 141.8097 146.6794 4.8697 3.5149 

Table E-5: Total flux from 5 g/L acetic acid-water solution experiments 

Temperature 

(°C) 

Patm 

(kPa) 

ΔP 

(kPa) 

Pvacuum 

(kPa) 

Mtrap 

(g) 

Mtotal 

(g) 

Mpermeate 

(g) 

Flux 

(kg.m-2.h-1) 

40 87.0 78.5 8.5 136.6073 139.8344 3.2272 0.3882 

50 87.0 80.0 7.0 142.1512 144.7085 2.5572 0.4614 

60 86.5 80.0 6.5 136.6309 140.6713 4.0405 1.4582 

70 86.7 80.0 6.7 138.4037 145.7546 7.3510 2.6529 

80 87.0 80.5 6.5 135.7609 141.3260 5.5651 4.0169 

Table E-6: Total flux from 1 g/L furfural-water solution experiments 

Temperature 

(°C) 

Patm 

(kPa) 

ΔP 

(kPa) 

Pvacuum 

(kPa) 

Mtrap 

(g) 

Mtotal 

(g) 

Mpermeate 

(g) 

Flux 

(kg.m-2.h-1) 

40 86.9 81.8 5.15 136.6095 139.6647 3.0552 0.3675 

50 86.9 82.0 4.90 134.0298 137.2649 3.2351 0.5838 

60 86.9 81.0 5.90 136.3448 139.9417 3.5970 1.2981 

70 87.2 81.5 5.68 134.8017 141.5183 6.7166 2.4035 

80 87.2 80.8 6.45 134.0374 139.2942 5.2568 3.7943 
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Table E-7: Total flux from acidic hydrolysate experiments 

Temperature 

(°C) 

Patm 

(kPa) 

ΔP 

(kPa) 

Pvacuum 

(kPa) 

Mtrap 

(g) 

Mtotal 

(g) 

Mpermeate 

(g) 

Flux 

(kg.m-2.h-1) 

40 86 77.5 9.0 140.0232 141.8099 1.7867 0.3224 

50 86 77.7 8.7 140.8808 143.2769 2.3961 0.4324 

60 87 78.0 8.6 140.0235 143.6117 3.5882 0.6475 

70 87 77.3 9.7 140.0255 142.2280 2.2025 0.7949 

80 87 78.8 8.2 140.0300 143.3629 3.3329 1.2028 

 

E-3 Calculated results: Permeate composition 

Table E-8: Permeate composition from 5 g/L acetic acid-water solution experiments 

 Total Acetic acid Water 

Temperature 

(°C) 

Cpermeate 

(g/L) 

Mpermeate 

(g) 

Cacetic acid 

(g/L) 

Macetic acid 

(g) 

Xacetic acid 

(g/g) 

Cwater 

(g/L) 

Mwater 

(g) 

Xwater 

(g/g) 

40 1000 1.000E-02 0.657 6.575E-06 6.575E-04 999 9.993E-03 0.9993 

50 1000 1.000E-02 2.043 2.043E-05 2.043E-03 998 9.980E-03 0.9980 

60 1000 1.000E-02 2.146 2.146E-05 2.146E-03 998 9.979E-03 0.9979 

70 1000 1.000E-02 2.391 2.391E-05 2.391E-03 998 9.976E-03 0.9976 

80 1000 1.000E-02 2.627 2.627E-05 2.627E-03 997 9.974E-03 0.9974 

Table E-9: Permeate composition from 1 g/L furfural-water solution experiments 

 Total Furfural Water 

Temperature 

(°C) 

Cpermeate 

(g/L) 

Mpermeate 

(g) 

Cfurfural 

(g/L) 

Mfurfural 

(g) 

Xfurfural 

(g/g) 

Cwater 

(g/L) 

Mwater 

(g) 

Xwater 

(g/g) 

40 1000 1.000E-02 2.4455 2.445E-05 2.445E-03 998 9.976E-03 0.9976 

50 1000 1.000E-02 3.2361 3.236E-05 3.236E-03 997 9.968E-03 0.9968 

60 1000 1.000E-02 2.7577 2.758E-05 2.758E-03 997 9.972E-03 0.9972 

70 1000 1.000E-02 2.5951 2.595E-05 2.595E-03 997 9.974E-03 0.9974 

80 1000 1.000E-02 2.9261 2.926E-05 2.926E-03 997 9.971E-03 0.9971 
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Table E-10: Permeate composition from acidic hydrolysate experiments 

 Total Acetic acid   Furfural Water 

Temperature 

(°C) 

Cpermeate 

(g/L) 

Mpermeate 

(g) 

Cacetic acid 

(g/L) 

Macetic acid 

(g) 

Xacetic acid 

(g/g) 

Cfurfural 

(g/L) 

Mfurfural 

(g) 

Xfurfural 

(g/g) 

Cwater 

(g/L) 

Mwater 

(g) 

Xwater 

(g/g) 

40 1000 1.000E-02 8.378E-02 8.378E-07 8.378E-05 1.492E-01 1.492E-06 1.492E-04 1000 9.997E-03 0.9997 

50 1000 1.000E-02 8.834E-02 8.834E-07 8.834E-05 1.584E-01 1.584E-06 1.584E-04 1000 9.998E-03 0.9998 

60 1000 1.000E-02 9.640E-02 9.640E-07 9.640E-05 1.949E-01 1.949E-06 1.949E-04 1000 9.997E-03 0.9997 

70 1000 1.000E-02 5.718E-02 5.718E-07 5.718E-05 8.093E-02 8.093E-07 8.093E-05 1000 9.999E-03 0.9999 

80 1000 1.000E-02 6.408E-02 6.408E-07 6.408E-05 8.488E-02 8.488E-07 8.488E-05 1000 9.999E-03 0.9999 

 

E-4 Calculated results: Partial fluxes and selectivities 

Table E-11: Partial fluxes and separation factors from 5 g/L acetic acid-water solution experiments 

Temperature 

(°C) 

Jtotal 

(kg.m-2.h-1) 

Jacetic acid 

(kg.m-2.h-1) 

Jwater 

(kg.m-2.h-1) 

αw,a αa,w 

40 0.3882 2.553E-04 0.3880 7.7964 0.1283 

50 0.4614 9.429E-04 0.4605 2.4910 0.4014 

60 1.4582 3.130E-03 1.4551 2.3904 0.4183 

70 2.6529 6.343E-03 2.6466 2.0952 0.4773 

80 4.0169 1.055E-02 4.0063 1.9899 0.5025 

Table E-12: Partial fluxes and separation factors from 1 g/L furfural-water solution experiments 

Temperature 

(°C) 

Jtotal 

(kg.m-2.h-1) 

Jfurfural 

(kg.m-2.h-1) 

Jwater 

(kg.m-2.h-1) 

αw,f αf,w 

40 0.3675 8.988E-04 0.3666 0.3529 2.8338 

50 0.5838 1.889E-03 0.5819 0.2669 3.7472 

60 1.2981 3.580E-03 1.2945 0.2645 3.7812 

70 2.4035 6.237E-03 2.3972 0.2969 3.3681 

80 3.7943 1.110E-02 3.7832 0.3067 3.2606 
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Table E-13: Partial fluxes and separation factors from acidic hydrolysate experiments 

Temperature 

(°C) 

Jtotal 

(kg.m-2.h-1) 

Jacetic acid 

(kg.m-2.h-1) 

Jfurfural 

(kg.m-2.h-1) 

Jwater 

(kg.m-2.h-1) 

αw,f αw,a αf,a βw βa βf 

40 0.3224 2.701E-05 4.811E-05 0.3223 11.213 57.675 5.143 1.0369 0.0180 0.0925 

50 0.4324 3.820E-05 6.847E-05 0.4323 10.566 54.701 5.177 1.0369 0.0190 0.0981 

60 0.6475 6.242E-05 1.262E-04 0.6473 10.068 47.705 4.738 1.0369 0.0217 0.1030 

70 0.7949 4.545E-05 6.432E-05 0.7947 16.135 75.970 4.708 1.0371 0.0137 0.0643 

80 1.2028 7.708E-05 1.021E-04 1.2026 15.281 75.854 4.964 1.0370 0.0137 0.0679 
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Appendix F Pervaporation experiments: PDMS membrane 

F-1 Calculated results: Total flux 

Table F-1: Total flux from pure water experiments 

Temperature 

(°C) 

Patm 

(kPa) 

ΔP 

(kPa) 

Pvacuum 

(kPa) 

Mtrap 

(g) 

Mtotal 

(g) 

Mpermeate 

(g) 

Flux 

(kg.m-2.h-1) 

40 86.6 80 6.4 139.2843 140.5970 1.3127 0.4738 

50 86.6 78 8.9 141.1334 143.0254 1.8920 0.6828 

60 86.5 81 6.0 135.8482 138.8261 2.9779 1.0747 

70 86.7 80 6.5 135.8467 140.3572 4.5105 1.6278 

80 86.5 81 6.0 135.8078 142.2224 6.4146 2.3150 

Table F-2: Total flux from 5 g/L acetic acid-water solution experiments 

Temperature 

(°C) 

Patm 

(kPa) 

ΔP 

(kPa) 

Pvacuum 

(kPa) 

Mtrap 

(g) 

Mtotal 

(g) 

Mpermeate 

(g) 

Flux 

(kg.m-2.h-1) 

40 87.0 80.8 6.3 140.9715 142.7631 1.7916 0.3164 

50 86.8 81.0 5.8 138.6591 142.1013 3.4421 0.6211 

60 87.5 81.1 6.4 134.5926 137.6427 3.0501 1.1008 

70 87.5 80.5 7.0 134.5889 137.0168 2.4279 1.7524 

80 87.7 81.8 5.9 134.5876 138.2937 3.7061 2.6750 

Table F-3: Total flux from 1 g/L furfural-water solution experiments 

Temperature 

(°C) 

Patm 

(kPa) 

ΔP 

(kPa) 

Pvacuum 

(kPa) 

Mtrap 

(g) 

Mtotal 

(g) 

Mpermeate 

(g) 

Flux 

(kg.m-2.h-1) 

40 87.0 81.5 5.5 136.6187 139.3291 2.7104 0.4891 

50 87.3 79.7 7.6 136.3427 140.0971 3.7544 0.6775 

60 87.4 82.0 5.4 136.6187 139.3894 2.7708 1.0000 

70 87.5 82.0 5.5 138.3783 140.6564 2.2781 1.6443 

80 87.2 82.3 5.0 137.2086 140.8042 3.5956 2.5953 
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Table F-4: Total flux from 0.3 g/L glucose water solution experiments 

Temperature 

(°C) 

Patm 

(kPa) 

ΔP 

(kPa) 

Pvacuum 

(kPa) 

Mtrap 

(g) 

Mtotal 

(g) 

Mpermeate 

(g) 

Flux 

(kg.m-2.h-1) 

40 87.5 79.5 8.0 134.5816 136.8361 2.2545 0.2712 

50 87.5 79.0 8.5 134.5812 138.0194 3.4382 0.6204 

60 87.6 79.3 8.3 136.8907 139.8233 2.9326 1.0583 

70 87.5 80.0 7.5 138.6566 141.7925 3.1359 1.6976 

80 87.4 81.7 5.7 137.3011 141.2449 3.9438 2.8466 

Table F-5: Total flux from 0.1 g/L xylitol-water solution experiments 

Temperature 

(°C) 

Patm 

(kPa) 

ΔP 

(kPa) 

Pvacuum 

(kPa) 

Mtrap 

(g) 

Mtotal 

(g) 

Mpermeate 

(g) 

Flux 

(kg.m-2.h-1) 

40 87.9 78.5 9.4 136.8907 138.5263 1.6357 0.2951 

50 87.9 78.9 9.0 136.8897 139.8556 2.9659 0.5352 

60 88.0 78.3 9.8 134.5847 137.4569 2.8722 1.0549 

70 87.6 79.5 8.1 134.5807 137.7552 3.1745 1.7185 

80 87.8 81.0 6.8 138.6642 142.4994 3.8352 2.7682 

Table F-6: Total flux from acidic hydrolysate experiments 

Temperature 

(°C) 

Patm 

(kPa) 

ΔP 

(kPa) 

Pvacuum 

(kPa) 

Mtrap 

(g) 

Mtotal 

(g) 

Mpermeate 

(g) 

Flux 

(kg.m-2.h-1) 

40 86.1 80.3 5.9 140.9678 143.6277 2.6599 0.4800 

50 86.7 80.0 6.7 140.5651 144.1512 3.5861 0.6471 

60 86.7 80.3 6.5 140.9618 143.5674 2.6056 0.9404 

70 87.1 79.3 7.8 139.7894 143.5114 3.7220 1.3433 

80 87.0 79.8 7.3 140.9592 146.9744 6.0152 2.1708 
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F-2 Calculated results: Permeate composition 

Table F-7: Permeate composition from 5 g/L acetic acid-water solution experiments 

 Total Acetic acid Water 

Temperature 

(°C) 

Cpermeate 

(g/L) 

Mpermeate 

(g) 

Cacetic acid 

(g/L) 

Macetic acid 

(g) 

Xacetic acid 

(g/g) 

Cwater 

(g/L) 

Mwater 

(g) 

Xwater 

(g/g) 

40 1000 1.000E-02 0.7445 7.445E-06 7.445E-04 999 9.993E-03 0.9993 

50 1000 1.000E-02 1.8079 1.808E-05 1.808E-03 998 9.982E-03 0.9982 

60 1000 1.000E-02 2.1069 2.107E-05 2.107E-03 998 9.979E-03 0.9979 

70 1000 1.000E-02 2.4095 2.410E-05 2.410E-03 998 9.976E-03 0.9976 

80 1000 1.000E-02 2.4996 2.500E-05 2.500E-03 998 9.975E-03 0.9975 

Table F-8: Permeate composition from 1 g/L furfural-water solution experiments 

 Total Furfural Water 

Temperature 

(°C) 

Cpermeate 

(g/L) 

Mpermeate 

(g) 

Cfurfural 

(g/L) 

Mfurfural 

(g) 

Xfurfural 

(g/g) 

Cwater 

(g/L) 

Mwater 

(g) 

Xwater 

(g/g) 

40 1000 1.000E-02 2.137 2.137E-05 2.137E-03 998 9.979E-03 0.9979 

50 1000 1.000E-02 3.400 3.400E-05 3.400E-03 997 9.966E-03 0.9966 

60 1000 1.000E-02 5.024 5.024E-05 5.024E-03 995 9.950E-03 0.9950 

70 1000 1.000E-02 4.904 4.904E-05 4.904E-03 995 9.951E-03 0.9951 

80 1000 1.000E-02 5.040 5.040E-05 5.040E-03 995 9.950E-03 0.9950 

Table F-9: Permeate composition from 0.3 g/L glucose-water solution experiments 

 Total Glucose Water 

Temperature 

(°C) 

Cpermeate 

(g/L) 

Mpermeate 

(g) 

Cglucose 

(g/L) 

Mglucose 

(g) 

Xglucose 

(g/g) 

Cwater 

(g/L) 

Mwater 

(g) 

Xwater 

(g/g) 

40 1000 1.000E-02 3.181E-03 3.181E-08 3.181E-06 1000 1.000E-02 1.000 

50 1000 1.000E-02 1.973E-03 1.973E-08 1.973E-06 1000 1.000E-02 1.000 

60 1000 1.000E-02 3.967E-03 3.967E-08 3.967E-06 1000 1.000E-02 1.000 

70 1000 1.000E-02 1.498E-03 1.498E-08 1.498E-06 1000 1.000E-02 1.000 

80 1000 1.000E-02 1.735E-03 1.735E-08 1.735E-06 1000 1.000E-02 1.000 
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Table F-10: Permeate composition from 0.1 g/L xylitol-water solution experiments 

 Total Xylitol Water 

Temperature 

(°C) 

Cpermeate 

(g/L) 

Mpermeate 

(g) 

Cxylitol 

(g/L) 

Mxylitol 

(g) 

Xxylitol 

(g/g) 

Cwater 

(g/L) 

Mwater 

(g) 

Xwater 

(g/g) 

40 1000 1.000E-02 1.524E-03 1.524E-08 1.524E-06 1000 1.000E-02 1.0000 

50 1000 1.000E-02 7.466E-04 7.466E-09 7.466E-07 1000 1.000E-02 1.0000 

60 1000 1.000E-02 1.126E-03 1.126E-08 1.126E-06 1000 1.000E-02 1.0000 

70 1000 1.000E-02 2.558E-03 2.558E-08 2.558E-06 1000 1.000E-02 1.0000 

80 1000 1.000E-02 2.687E-03 2.687E-08 2.687E-06 1000 1.000E-02 1.0000 

Table F-11: Concentration of the permeating components in the permeate from the acidic hydrolysate experiments 

Temperature 

(°C) 

Cpermeate 

(g/L) 

Cacetic acid 

(g/L) 

Cfurfural 

(g/L) 

Ccitric acid 

(g/L) 

Cglucose 

(g/L) 

Cxylose 

(g/L) 

Csorbitol 

(g/L) 

Carabinose 

(g/L) 

Cxylitol 

(g/L) 

Csuccinic acid 

(g/L) 

Cformic acid 

(g/L) 

Cwater 

(g/L) 

40 1001 0.774 2.077 0.006 0.086 0.001 0.003 0.003 0.001 0.005 0.092 998 

50 1001 1.235 3.278 0.006 0.102 0.001 0.002 0.003 0.001 0.005 0.063 997 

60 1001 0.968 2.641 0.001 0.044 0.001 0.001 0.002 0.002 0.005 0.068 997 

70 1001 1.432 1.323 0.001 0.021 0.001 0.002 0.001 0.002 0.003 0.076 998 

80 1001 1.434 1.694 0.001 0.015 0.002 0.001 0.002 0.001 0.001 0.070 998 

Table F-12: Summary of permeate composition from acidic hydrolysate experiments 

 Total   Furfural  Acids  Water 

Temperature 

(°C) 

Cpermeate 

(g/L) 

Cpermeate 

(g/L) 

Cfurfural 

(g/L) 

Cfurfural 

(g/L) 

Xacetic acid 

(g/g) 

Cacids 

(g/L) 

Macids 

(g) 

Xacids 

(g/g) 

Cwater 

(g/L) 

Mwater 

(g) 

Xwater 

(g/g) 

40 1001 1.00E-02 2.0774 2.08E-05 2.08E-03 0.8766 8.77E-06 8.76E-04 998 9.98E-03 0.9970 

50 1001 1.00E-02 3.2782 3.28E-05 3.27E-03 1.3092 1.31E-05 1.31E-03 997 9.97E-03 0.9960 

60 1001 1.00E-02 2.6415 2.64E-05 2.64E-03 1.0425 1.04E-05 1.04E-03 997 9.97E-03 0.9963 

70 1001 1.00E-02 1.3233 1.32E-05 1.32E-03 1.5117 1.51E-05 1.51E-03 998 9.98E-03 0.9971 

80 1001 1.00E-02 1.6939 1.69E-05 1.69E-03 1.5061 1.51E-05 1.50E-03 998 9.98E-03 0.9968 
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Table F-13: Summary of permeate composition from acidic hydrolysate experiments continued 

 Sugars Sugar alcohols 

Temperature 

(°C) 

Csugars 

(g/L) 

Csugars 

(g/L) 

Xsugars 

(g/g) 

Csugar alcohols 

(g/L) 

Msugar alcohols 

(g) 

Xsugar alcohols 

(g/g) 

40 0.0905 9.046E-07 9.037E-05 3.722E-03 3.722E-08 3.718E-06 

50 0.1061 1.061E-06 1.060E-04 2.928E-03 2.928E-08 2.925E-06 

60 0.0471 4.714E-07 4.709E-05 2.834E-03 2.834E-08 2.831E-06 

70 0.0235 2.348E-07 2.345E-05 3.527E-03 3.527E-08 3.524E-06 

80 0.0188 1.878E-07 1.876E-05 1.746E-03 1.746E-08 1.744E-06 

 

F-3 Calculated results: Partial fluxes and selectivities 

Table F-14: Partial fluxes and separation factors from 5 g/L acetic acid-water solution experiments 

Temperature 

(°C) 

Jtotal 

(kg.m-2.h-1) 

Jacetic acid 

(kg.m-2.h-1) 

Jwater 

(kg.m-2.h-1) 

αw,a αa,w 

40 0.3164 2.356E-04 0.3162 6.6597 0.1502 

50 0.6211 1.123E-03 0.6200 2.7697 0.3610 

60 1.1008 2.319E-03 1.0984 2.4195 0.4133 

70 1.7524 4.222E-03 1.7482 2.0917 0.4781 

80 2.6750 6.686E-03 2.6683 2.0197 0.4951 

Table F-15: Partial fluxes and separation factors from 1 g/L furfural-water solution experiments 

Temperature 

(°C) 

Jtotal 

(kg.m-2.h-1) 

Jfurfural 

(kg.m-2.h-1) 

Jwater 

(kg.m-2.h-1) 

αw,f αf,w 

40 0.4891 1.045E-03 0.4880 0.4071 2.4562 

50 0.6775 2.303E-03 0.6752 0.2516 3.9743 

60 1.0000 5.024E-03 0.9949 0.1893 5.2833 

70 1.6443 8.064E-03 1.6362 0.1648 6.0669 

80 2.5953 1.308E-02 2.5822 0.1553 6.4395 
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Table F-16: Partial fluxes and separation factors from 0.3 g/L glucose-water solution experiments 

Temperature 

(°C) 

Jtotal 

(kg.m-2.h-1) 

Jglucose 

(kg.m-2.h-1) 

Jwater 

(kg.m-2.h-1) 

αw,g αg,w 

40 0.2712 8.628E-07 0.2712 110 0.0091 

50 0.6204 1.224E-06 0.6204 195 0.0051 

60 1.0583 4.199E-06 1.0583 89 0.0112 

70 1.6976 2.542E-06 1.6976 261 0.0038 

80 2.8466 4.938E-06 2.8466 215 0.0046 

Table F-17: Partial fluxes and separation factors from 0.1 g/L xylitol-water solution experiments 

Temperature 

(°C) 

Jtotal 

(kg.m-2.h-1) 

Jxylitol 

(kg.m-2.h-1) 

Jwater 

(kg.m-2.h-1) 

αw,x αx,w 

40 0.2951 4.497E-07 0.2951 76 0.0132 

50 0.5352 3.996E-07 0.5352 148 0.0068 

60 1.0549 1.188E-06 1.0549 104 0.0096 

70 1.7185 4.395E-06 1.7185 45 0.0224 

80 2.7682 7.437E-06 2.7682 43 0.0234 

Table F-18: Partial fluxes from the acidic hydrolysate experiments 

Temperature 

(°C) 

Jtotal 

(kg.m-2.h-1) 

Jfurfural 

(kg.m-2.h-1) 

Jacids 

(kg.m-2.h-1) 

Jsugars 

(kg.m-2.h-1) 

Jsugar alcohols 

(kg.m-2.h-1) 

Jwater 

(kg.m-2.h-1) 

40 0.4800 9.961E-04 4.203E-04 4.337E-05 1.785E-06 0.4785 

50 0.6471 2.119E-03 8.463E-04 6.860E-05 1.893E-06 0.6445 

60 0.9404 2.481E-03 9.794E-04 4.428E-05 2.662E-06 0.9369 

70 1.3433 1.776E-03 2.029E-03 3.151E-05 4.733E-06 1.3394 

80 2.1708 3.673E-03 3.266E-03 4.072E-05 3.787E-06 2.1639 
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Table F-19: Separation factors and enrichment factors from the acidic hydrolysate experiments 

Temperature 

(°C) 

αw,f αw,a αw,s αw,sa βw βa βf βs βsa 

40 0.7353 6.696 34 105 1.035 0.155 1.408 0.031 0.010 

50 0.4879 4.476 31 105 1.034 0.231 2.119 0.034 0.010 

60 0.6581 5.736 76 137 1.034 0.180 1.572 0.014 0.008 

70 0.9951 4.189 148 100 1.035 0.247 1.040 0.007 0.010 

80 0.8402 4.203 185 202 1.035 0.246 1.232 0.006 0.005 
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Appendix G Mass transport in 

pervaporation 
 

G-1 Fick’s law: Sample calculation 

Fick’s law was used to model the mass transport through the membranes.  The partial water 

flux through the PEBA membrane will be used in the sample calculations to demonstrate 

how Fick’s law was applied. 

Fick’s diffusion equation uses the concentration gradient across the membrane to describe 

permeation: 

𝐽𝑖 = −𝐷𝑖

𝑑𝐶𝑖

𝑑𝑥
= −𝐷𝑖

𝐶𝑖,𝑚 − 𝐶𝑖,𝑝

𝑙
 

Where J is the flux of component i, D is the diffusion coefficient, l is the membrane thickness, 

Ci,m is the concentration of component i on the membrane surface and Ci,p is the 

concentration of component i in the permeate.  

According to Marx et al. (2002) the concentration of component i in the feed (C i,f) can be 

used instead of Ci,m to find an approximate value for the diffusion coefficient.  This 

assumption can only be valid if the permeation of the component was not affected by 

concentration polarisation.  As explained in Section 4.2.3, the permeation of water through a 

pervaporation membrane is not affected by concentration polarisation (Feng & Huang, 1997; 

She & Hwang, 2004; Wijmans et al., 1996), therefore it can be assumed that the 

concentration of water in the bulk feed is equal to the concentration of water on the 

membrane surface.  The diffusion coefficient of water was calculated with the following 

equation. 

𝐷𝑖 =
−𝐽𝑖 . 𝑙

𝐶𝑖,𝑓 − 𝐶𝑖,𝑝
 

As an example, the water diffusion coefficient at 40°C will be calculated using the partial 

water flux and water concentrations in Table G-1.  The thickness of the PEBA membrane (l) 

was 1.373E-06 m. 

𝐷𝑖 =
−𝐽𝑖 . 𝑙

𝐶𝑖,𝑓 − 𝐶𝑖,𝑝
=

−0.0895 𝑔. 𝑚−2𝑠−1 × 1.373𝐸 − 06 𝑚

(957000 − 999721)𝑔. 𝑚−3
= 2.877𝐸 − 12 𝑚2. 𝑠−1 
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Table G-1: Partial water fluxes, water concentrations and diffusion coefficients of water 

Temperature 

(°C) 

Jwater 

(g.m-2.s-1) 

Cwater,feed 

(g.m-3) 

Cwater,permeate 

(g.m-3) 

Dwater 

(m2.s-1) 

40 0.0895 957000 999721 2.877E-12 

50 0.1201 957000 999753 3.856E-12 

60 0.1798 957000 999709 5.780E-12 

70 0.2208 957000 999862 7.072E-12 

80 0.3341 957000 999851 1.070E-11 

The temperature dependence of the diffusion coefficients was given by an Arrhenius-type 

law: 

Di = D0exp (−
𝐸𝐷

𝑅𝑇
)  

Where D0 is the pre-exponential factor (m2.s-1), R is the gas constant (J.mol-1.K-1), T is the 

temperature (K) and ED is the activation energy of diffusion (J.mol-1). 

This equation can be written in logarithmic form: 

ln 𝐷 = ln 𝐷0 −
𝐸𝐷

𝑅𝑇
 

A plot of ln D versus (RT)-1 (Figure G-1) was then used for the determination of the activation 

energy of diffusion (ED) and the pre-exponential factor (D0) from the slope and y-axis 

intercept, respectively.    

𝐸𝐷 = −(−29702) = +29702
𝐽

𝑚𝑜𝑙
 

𝐷0 = exp(−15.191) = 2.528𝐸 − 07 𝑚2/𝑠 

The Fick’s partial water flux (Jw,model) was then calculated using the following equation 

𝐽𝑚𝑜𝑑𝑒𝑙 = −𝐷𝑚𝑜𝑑𝑒𝑙
𝐶𝑖,𝑚−𝐶𝑖,𝑝

𝑙
= D0(exp (−

𝐸𝐷

𝑅𝑇
)) × (

𝐶𝑖,𝑚−𝐶𝑖,𝑝

𝑙
)  

As an example, Fick’s partial water flux will be calculated at 40°C using the C i,m and Ci,p 

values from Figure G-1. 

𝐽𝑚𝑜𝑑𝑒𝑙,40°𝐶 = −D0 exp (−
𝐸𝐷

𝑅𝑇
) (

𝐶𝑖,𝑚 − 𝐶𝑖,𝑝

𝑙
) 

= −2.528𝐸 − 07 𝑚2. 𝑠−1  (exp (−
29702 𝐽. 𝑚𝑜𝑙−1

8.314 𝐽. 𝑚𝑜𝑙−1. 𝐾−1 × 313 𝐾
)) ×

(957000 − 999721)𝑔. 𝑚−3

1.373𝐸 − 06 𝑚
 

𝐽𝑚𝑜𝑑𝑒𝑙,40°𝐶 = 8.685𝐸 − 02 𝑔. 𝑚−2. 𝑠−1 = 312.7 𝑔. . 𝑚−2. ℎ−1 
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Figure G-1: Plot of lnD versus (RT)
-1
 

G-2 Fick’s law: PEBA membrane results 

Table G-2: Diffusion coefficients calculated using experimental data from 5 g/L acetic acid-
water experiments  

Temperature (°C) Dwater (m2.s-1) Dacetic acid (m2.s-1) 

40 3.33E-11 2.19E-14 

50 5.79E-11 1.19E-13 

60 1.87E-10 4.02E-13 

70 3.87E-10 9.28E-13 

80 5.91E-10 1.56E-12 

 

Figure G-2: Modelling of the partial fluxes of water (♦) and acetic acid (■) from the binary 
mixture experiments using Fick's law 
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Table G-3: Diffusion coefficients calculated using experimental data from 1 g/L furfural-water 
experiments  

Temperature (°C) Dwater (m2.s-1) Dfurfural (m2.s-1) 

40 8.84E-11 2.17E-13 

50 9.36E-11 3.04E-13 

60 2.44E-10 6.74E-13 

70 5.01E-10 1.30E-12 

80 7.12E-10 2.09E-12 

 

 

Figure G-3: Modelling of the partial fluxes of water (♦) and furfural (▲) from the binary mixture 
experiments using Fick's law 

Table G-4: Diffusion coefficients calculated using experimental data from acidic hydrolysate 
experiments  

Temperature (°C) Dwater (m2.s-1) Dacetic acid (m2.s-1) Dfurfural (m2.s-1) 

40 2.88E-12 2.27E-15 1.26E-14 

50 3.86E-12 3.21E-15 1.81E-14 

60 5.78E-12 5.53E-15 2.86E-14 

70 7.07E-12 4.23E-15 2.10E-14 

80 1.07E-11 6.41E-15 3.37E-14 
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Figure G-4: Modelling of the partial fluxes of water (♦), acetic acid (■) and furfural (▲) from the 
acidic hydrolysate experiments using Fick's law 

 

G-3 Fick’s law: PDMS membrane results 

Table G-5: Diffusion coefficients calculated using experimental data from 5 g/L acetic acid-
water experiments  

Temperature (°C) Dwater (m2.s-1) Dacetic acid (m2.s-1) 

40 2.46E-10 1.84E-13 

50 6.36E-10 1.15E-12 

60 1.21E-09 2.55E-12 

70 2.18E-09 5.27E-12 

80 3.44E-09 8.61E-12 

 

 

Figure G-5: Modelling of the partial fluxes of water (♦) and acetic acid (■) from the binary 
mixture experiments using Fick's law 
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Table G-6: Diffusion coefficients calculated using experimental data from 1 g/L furfural-water 
experiments  

Temperature (°C) Dwater (m2.s-1) Dfurfural (m2.s-1) 

40 1.26E-09 2.70E-12 

50 8.68E-10 2.96E-12 

60 7.99E-10 4.03E-12 

70 1.31E-09 6.44E-12 

80 1.98E-09 1.00E-11 

 

 

Figure G-6: Modelling of the partial fluxes of water (♦) and furfural (▲) from the binary mixture 
experiments using Fick's law 

Table G-7: Diffusion coefficients calculated using experimental data from 0.3 g/L glucose-
water experiments  

Temperature (°C) Dwater (m2.s-1) Dglucose (m2.s-1) 

40 2.55E-09 8.11E-15 

50 5.29E-09 1.04E-14 

60 9.90E-09 3.93E-14 

70 1.42E-08 2.13E-14 

80 2.50E-08 4.35E-14 
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Figure G-7: Modelling of the partial fluxes of water (♦) and glucose (ӿ) from the binary mixture 
experiments using Fick's law 

Table G-8: Diffusion coefficients calculated using experimental data from 0.1 g/L xylose-water 
experiments  

Temperature (°C) Dwater (m2.s-1) Dxylose (m2.s-1) 

40 1.08E-08 1.65E-14 

50 1.52E-08 1.13E-14 

60 1.51E-08 1.70E-14 

70 4.81E-08 1.23E-13 

80 4.82E-08 1.29E-13 

 

 

Figure G-8: Modelling of the partial fluxes of water (♦) and xylitol (x) from the binary mixture 
experiments using Fick's law 
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Table G-9: Diffusion coefficients calculated using experimental data from acidic hydrolysate 
experiments 

Temperature  

(°C) 

Dwater  

(m2.s-1) 

Dacids 

(m2.s-1) 

Dfurfural 

(m2.s-1) 

Dsugars 

(m2.s-1) 

Dsugar alcohols 

(m2.s-1) 

40 4.13E-11 2.88E-13 5.35E-12 4.96E-14 1.57E-14 

50 5.70E-11 6.38E-13 3.98E-12 7.37E-14 2.11E-14 

60 8.22E-11 6.79E-13 8.37E-12 4.26E-14 2.35E-14 

70 1.15E-10 1.45E-12 1.02E-10 3.10E-14 4.61E-14 

80 2.27E-10 2.83E-12 4.49E-11 4.86E-14 4.46E-14 

 

 

Figure G-9: Modelling of the partial fluxes of water (♦), acids (■), furfural (▲), sugars (ӿ) and 
sugar alcohols (x) from the acidic hydrolysate experiments using Fick's law 

 

G-4 Solution-diffusion model 

The solution-diffusion model was also used to describe the mass transport through the 

membranes (Feng & Huang, 1997; Wijmans & Baker, 1995).  

Ji =
𝑃𝑖

𝑙
(𝑥𝑖𝛾𝑖𝑝𝑖

𝑠𝑎𝑡 − 𝑦𝑖𝑝𝑝) 

Where Pi is the permeability through the membrane (mol.m-1.Pa-1.s-1), l is the membrane 

thickness (m), xi is the feed mole fraction, γi is the activity coefficient, pi
sat is the saturated 

vapour pressure (Pa), yi is the permeate mole fraction and pp is the total permeate pressure 

(Pa).   
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The temperature dependence of the permeability coefficient (P) was given by the following 

relation: 

P = P0 exp (−
Ep

𝑅𝑇
) 

Where P0 is the pre-exponential factor and Ep is the activation energy of permeation. 

The solution-diffusion model can then be written as a function of temperature. 

Ji

𝛥𝑝
=

𝑃0

𝑙
exp (−

𝐸𝑝

𝑅𝑇
) 

This equation can be written in logarithmic form: 

ln (
𝐽

Δ𝑝
) = ln (

𝑃0

𝑙
) −

𝐸𝑃

𝑅𝑇
 

Table G-10: Experimental data used for solution-diffusion model 

Temperature 

(°C) 

Jwater 

(mol.m-2.s-1) 

xwater,feed 

(mol/mol) 

γwater Pi
sat 

(Pa) 

ywater,permeate 

(mol/mol) 

Ppermeate 

(Pa) 

40 4.970E-03 0.9982 0.9992 7359 0.9999 8950 

50 6.665E-03 0.9982 0.9992 12327 0.9999 8666 

60 9.980E-03 0.9983 0.9993 19921 0.9999 8549 

70 1.225E-02 0.9985 0.9993 31170 1.0000 9650 

80 1.854E-02 0.9983 0.9981 47370 1.0000 8183 

Table G-10 gives the experimental data used for the prediction of the partial water flux.  The 

activation energy of permeation (EP) and the pre-exponential factor (P0) can then be 

calculated from the slope and y-axis of a ln(J.Δp-1) versus (RT)-1 plot (Figure G-10).  

𝐸𝑃 = −(45371) = −45371 𝐽. 𝑚𝑜𝑙−1 

𝑃0

𝑙
= exp(−30.165) 

𝑃0 = exp(−30.165) × 1.373𝐸 − 06 𝑚 = 1.089𝐸 − 19 𝑚𝑜𝑙. 𝑚−1. 𝑃𝑎−1𝑠−1 

The partial water flux was then modelled using the calculated EP and P0 with the following 

equation: 

Jmodel = Pmodelexp (−
𝐸𝑃

𝑅𝑇
)

(Δ𝑝)

𝑙
 

The predicted partial water flux at 50°C can then be calculated using the experimental data 

from Table G-10 and the calculated EP and P0 values 
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Jmodel = Pmodel exp (−
𝐸𝑃

𝑅𝑇
)

(Δ𝑝)

𝑙

= 1.089𝐸 − 19 𝑚𝑜𝑙. 𝑚−1. 𝑃𝑎−1𝑠−1 × (exp (
−(−45371 𝐽. 𝑚𝑜𝑙−1)

8.314 𝐽. 𝑚𝑜𝑙−1. 𝐾−1 × 323𝐾
))

×
(0.9882 × 0.9992 × 12327) − (0.9999 × 8666)

1.37𝐸 − 06
 

Jmodel = 6.218𝐸 − 03 𝑚𝑜𝑙. 𝑚−2. 𝑠−1 = 403.3 𝑔. 𝑚−2. ℎ−1 

 

Figure G-10: Plot of ln(J.Δp
-1

) versus (RT)
-1
 

G-5 Solution diffusion model: PEBA membrane results 

 

Figure G-11: Modelling of the partial fluxes of water (♦) and acetic acid (■) from the binary 
mixture experiments using solution-diffusion model 
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Figure G-12: Modelling of the partial fluxes of water (♦) and furfural (▲) from the binary mixture 
experiments using solution-diffusion model 

 

Figure G-13: Modelling of the partial fluxes of water (♦), acetic acid (■) and furfural (▲) from the 
acidic hydrolysate experiments using solution-diffusion model 

G-6 Solution diffusion model: PDMS membrane results 

 

Figure G-14: Modelling of the partial fluxes of water (♦) and acetic acid (■) from the binary 
mixture experiments using solution-diffusion model 



School of Chemical and Minerals Engineering 

 

168 
 

 

Figure G-15: Modelling of the partial fluxes of water (♦) and furfural (▲) from the binary mixture 
experiments using solution-diffusion model 

 

Figure G-16: Modelling of the partial fluxes of water (♦) and glucose (ӿ) from the binary mixture 
experiments using solution-diffusion model 

 

Figure G-17: Modelling of the partial fluxes of water (♦) and xylitol (x) from the binary mixture 
experiments using solution-diffusion model 
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Appendix H Concentration polarisation  
 

H-1 Derivation and assumptions 

The equations used for the calculation of the concentration polarisation index (CPI) were 

given in Jiang et al. (1997).  A summary of the derivation and assumptions will be given 

below. 

It was first assumed that Fick’s law was obeyed: 

𝐽𝑖 = 𝐷𝑖
𝐶𝑖,𝑚−𝐶𝑖,𝑝

𝑙
         Equation H-1 

Where J is the flux of component i, D is the diffusion coefficient (m2.s-1), l is the membrane 

thickness (m), Ci,m is the concentration of component i on the membrane surface and Ci,p is 

the concentration of component i in the permeate. 

According to Jiang et al. (1997), the mass transfer of a component from the surface of the 

membrane to the permeate side can be given by the following equation: 

𝐽𝑖 = 𝑘𝑖,𝑚(𝐶𝑖,𝑚 − 𝐶𝑖,𝑝)        Equation H-2 

Where ki,m is the mass transfer coefficient of component i through the membrane. 

Equating Equation H-1 and Equation H-2 gives: 

𝑘𝑖,𝑚 =
𝐷𝑖

𝑙
         Equation H-3 

The overall mass transfer coefficient (Ki) can be calculated directly from the steady state 

experimental data using the following equation (Jiang et al., 1997): 

𝐽𝑖 = 𝐾𝑖(𝐶𝑖,𝑏 − 𝐶𝑖,𝑚)        Equation H-4 

It is assumed that Ci,m is equal to zero since the permeate pressure is low (Jiang et al., 

1997).  The overall mass transfer coefficient can then be calculated with the following 

equation: 

𝐾𝑖 =
𝐽𝑖

𝐶𝑖,𝑏
         Equation H-5 

The resistance in series model can then be used to calculate the mass transfer coefficient in 

the liquid boundary layer (ki,L). 

1

Ki
=

1

𝑘𝑖,𝐿
+

1

𝑘𝑖,𝑚
         Equation H-6 
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The concentration polarisation index (CPI) can then be calculated using the following 

equation (She & Hwang, 2006): 

CPI =
Ci,m

𝐶𝑖,𝑏
=

𝑘𝑖,𝐿

𝑘𝑖,𝐿+𝑘𝑖,𝑚
        Equation H-7 

Where Ci,m and Ci,b is the concentration of component i on the membrane surface and the 

bulk feed, respectively. 

H-2 Sample calculation 

To demonstrate how the concentration polarisation index (CPI) was calculated, a sample 

calculation will be done using the acidic hydrolysate experimental data of acetic acid through 

the PEBA membrane (Table H-1).   

The overall mass transfer coefficient (Ki) was first calculated using Equation H-5.  As an 

example, the Ki of acetic acid will be calculated using the experimental data at 40°C: 

𝐾𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑,40°𝐶 =
7.503𝐸 − 06 𝑔. 𝑚−2. 𝑠−1

4625.5 𝑔. 𝑚−3
= 1.622𝐸 − 09 𝑚. 𝑠−1 

The mass transfer coefficient of acetic acid in the membrane was then calculated using 

Equation H-3.  It was assumed that the effect of concentration polarisation during the binary 

mixture experiments was small compared to the effect of concentration polarisation during 

the acidic hydrolysate experiments.  The acetic acid diffusion coefficients calculated from the 

binary mixture experiments were therefore used to calculate the mass transfer coefficient in 

the membrane (ki,m). 

𝑘𝑖,𝑚 =
𝐷𝑖

𝑙
=

3.011𝐸 − 14 𝑚2. 𝑠−1

1.373𝐸 − 06 𝑚
= 2.193𝐸 − 08 𝑚. 𝑠−1 

The resistance in series model equation (Equation H-6) was then used to calculate the mass 

transfer coefficient in the liquid boundary layer (ki,L) 

𝑘𝑖,𝐿 = (
1

Ki
−

1

𝑘𝑖,𝑚
)

−1

= (
1

1.622𝐸 − 09 𝑚. 𝑠−1
−

1

2.193𝐸 − 08 𝑚. 𝑠−1
)

−1

= 1.752𝐸 − 09 𝑚. 𝑠−1 

The concentration polarisation index (CPI) can then be calculated using Equation H-7: 

CPI =
Ci,s

𝐶𝑖,𝑏
=

𝑘𝑖,𝐿

𝑘𝑖,𝐿+𝑘𝑖,𝑚
=

1.752𝐸−09 𝑚.𝑠−1

(1.752𝐸−09 + 2.193𝐸−08 ) 𝑚.𝑠−1 = 0.074  
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Table H-1: Experimental data for calculation of the CPI of acetic acid  

Temperature  

(°C) 

Jacetic acid 

(g.m-2.s-1) 

Cacetic acid,bulk 

(g.m-3) 

Dacetic acid 

(m2.s-1) 

40 7.503E-06 4625.5 3.011E-14 

50 1.061E-05 4625.5 9.651E-14 

60 1.734E-05 4402.3 2.885E-13 

70 1.263E-05 4157.8 8.088E-13 

80 2.141E-05 4652.6 2.139E-12 

H-3 CPI results: PEBA membrane 

Table H-2: Mass transfer coefficients and CPI of acetic acid from acidic hydrolysate 
experiments 

Temperature  

(°C) 

Ki 

(m.s-1) 

ki,m 

(m.s-1) 

ki,l 

(m.s-1) 

CPI 

40 1.62E-09 2.19E-08 1.75E-09 0.074 

50 2.29E-09 7.03E-08 2.37E-09 0.033 

60 3.94E-09 2.10E-07 4.01E-09 0.019 

70 3.04E-09 5.89E-07 3.05E-09 0.005 

80 4.60E-09 1.56E-06 4.62E-09 0.003 

Table H-3: Mass transfer coefficients and CPI of furfural from acidic hydrolysate experiments 

Temperature  

(°C) 

Ki 

(m.s-1) 

ki,m 

(m.s-1) 

ki,l 

(m.s-1) 

CPI 

40 8.34E-09 1.38E-07 8.88E-09 0.060 

50 1.19E-08 2.66E-07 1.24E-08 0.045 

60 1.87E-08 4.92E-07 1.94E-08 0.038 

70 1.43E-08 8.77E-07 1.45E-08 0.016 

80 2.28E-08 1.51E-06 2.32E-08 0.015 

H-4 CPI results: PDMS membrane 

Table H-4: Mass transfer coefficients and CPI of acetic acid from acidic hydrolysate 
experiments 

Temperature  

(°C) 

Ki 

(m.s-1) 

ki,m 

(m.s-1) 

ki,l 

(m.s-1) 

CPI 

40 2.27E-08 2.34E-08 7.40E-07 0.969 

50 4.91E-08 6.47E-08 2.04E-07 0.759 

60 5.38E-08 1.68E-07 7.92E-08 0.320 

70 1.05E-07 4.13E-07 1.41E-07 0.255 

80 1.70E-07 9.64E-07 2.06E-07 0.176 
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Table H-5: Mass transfer coefficients and CPI of furfural from acidic hydrolysate experiments 

Temperature  

(°C) 

Ki 

(m.s-1) 

ki,m 

(m.s-1) 

ki,l 

(m.s-1) 

CPI 

40 1.88E-07 1.93E-07 7.12E-06 0.9735 

50 3.82E-07 2.80E-07 -1.04E-06 1.3662 

60 4.12E-07 3.96E-07 -1.01E-05 1.0406 

70 3.89E-07 5.49E-07 1.34E-06 0.7096 

80 7.45E-07 7.47E-07 3.05E-04 0.9976 

Table H-6: Mass transfer coefficients and CPI of glucose from acidic hydrolysate experiments 

Temperature  

(°C) 

Ki 

(m.s-1) 

ki,m 

(m.s-1) 

ki,l 

(m.s-1) 

CPI 

40 4.05E-08 7.14E-10 -7.27E-10 56.70 

50 5.90E-08 1.12E-09 -1.14E-09 52.75 

60 3.72E-08 1.70E-09 -1.78E-09 21.86 

70 2.53E-08 2.53E-09 -2.81E-09 9.99 

80 2.94E-08 3.68E-09 -4.21E-09 7.98 

Table H-7: Mass transfer coefficients and CPI of xylitol from acidic hydrolysate experiments 

Temperature  

(°C) 

Ki 

(m.s-1) 

ki,m 

(m.s-1) 

ki,l 

(m.s-1) 

CPI 

40 1.06E-09 7.86E-10 -3.06E-09 1.3452 

50 2.54E-09 1.59E-09 -4.22E-09 1.6032 

60 3.90E-09 3.07E-09 -1.45E-08 1.2686 

70 5.32E-09 5.72E-09 7.66E-08 0.9306 

80 5.00E-09 1.03E-08 9.73E-09 0.4863 

 

 

  



School of Chemical and Minerals Engineering 

 

173 
 

Appendix I Experimental error 

 

I-1 Calculation steps 

The following steps were followed for the calculation of the experimental error, as described 

by Devore and Farnum (2005). 

The average value (x̄) was first calculated using the following equation: 

�̅� =
1

𝑁
∑ 𝑥𝑖

𝑁
𝑖=1          Equation I-1 

Where N is the number of data points and xi is the value or the ith data point. 

Once the average value was known, the standard deviation (δ) was calculated: 

𝛿 = √
∑ (𝑥𝑖−�̅�)2  𝑁

𝑖=1

(𝑁−1)
        Equation I-2        

The conficence interval was calculated using the following equation: 

𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = �̅� ±
𝑧𝛿

√𝑁
      Equation I-3  

In this study a 95% confidence level was chosen, which means that there was a 95% chance 

that the experimental data lays within the confidence interval range.   

Where z = 1.96 for a 85.5% confidence level. 

The experimental error can then be calculated (Vardeman, 1994). 

𝐸𝑟𝑟𝑜𝑟 % = (
𝑧𝛿

√𝑁
/�̅�) × 100%       Equation I-4 

I-2 Sample calculation 

To calculate the experimental uncertainty, one data point in each experimental data set was 

repeated three times.  The experimental errors of the total flux, partial fluxes and selectivities 

were then calculated by using the results from the repeatability experiments. 

The data from the 5g/L acetic acid-water experiments (PEBA membrane) will be used to 

demonstrate how the experimental errors were calculated.  The repeatability experiments 

were carried out at 80°C and the results are presented in Table I-. 

The total flux data from Table I- will be used in the sample calculations. 

The average total flux was calculated using Equation I-1: 
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�̅� =
1

𝑁
∑ 𝑥𝑖

𝑁
𝑖=1 =

1

3
(4240 + 3895 + 3915) = 4017 𝑔. 𝑚−2. ℎ−1  

The standard deviation was then calculated with Equation I-2: 

𝛿 = √
∑ (𝑥𝑖−�̅�)2  𝑁

𝑖=1

(𝑁−1)
= √

(4240−4017)2+(3895−4017)2+(3915−4017)2

(3−1)
= 194  

The 95% confidence interval was calculated using Equation I-3 

𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = �̅� ±
1.96𝛿

√𝑁
= 4017 ±

1.96(194)

√3
= 4017 ± 219 𝑔. 𝑚−2. ℎ−1 

The experimental error was then calculated using Equation I-4. 

𝐸𝑟𝑟𝑜𝑟 % = (

𝑧𝛿

√𝑁

�̅�
) × 100% =

219

4017
× 100% = 10.9% 

Table I-1: Repeatability data when separating a 5g/L acetic acid-water mixture with the PEBA 
membrane 

Repeatability Jtotal 

(g.m-2.h-1) 

Jacetic acid 

(g.m-2.h-1) 

Jwater 

(g.m-2.h-1) 

αw,a 

1 4240 11.39 4229 1.926 

2 3895 10.18 3885 2.010 

3 3915 10.11 3905 2.036 

Average 4017 10.559 4006 1.991 

Standard deviation 194 0.719 193 0.0578 

95% confidence interval 219 0.814 219 0.0654 

Experimental error 10.92 15.42 10.91 6.58 

 

 

 

  



School of Chemical and Minerals Engineering 

 

175 
 

Appendix J Properties of furfural and 

water 
 

Table J-1: Physical and chemical properties of furfural 

Molecular formula C5H4O2 

Molecular weight 96.08 g/mol 

Boiling point  161.7 °C 

Melting point -38.1°C 

Flash point 61.7°C 

Critical pressure 5.50 MPa 

Critical temperature 397°C 

Solubility in water, 20°C 8.3 wt% 

Dielectric constant, 20°C 41.9 

 

The following properties of furfural and water were investigated at 85 kPa using the Aspen 

Plus® version 8.6 with the UNIFAC activity coefficient model. 

 

Figure J-1: Fugacity coefficient of pure component where (♦) represents water and (■) 
represents furfural 
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Figure J-2: Fugacity coefficient of pure component in a mixture where (♦) represents water and 
(■) represents furfural 

 

Figure J-3: Vapour pressure for pure component where (♦) represents water and (■) represents 
furfural 
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Figure J-4: Free energy for pure component where (♦) represents water and (■) represents 
furfural 

 

Figure J-5: Free energy for a 1g/L furfural-water mixture 
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Figure J-6: Enthalpy for pure component where (♦) represents water and (■) represents furfural 

 

Figure J-7: Enthalpy for a 1g/L furfural-water mixture 
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Figure J-8: Thermal diffusivity for a 1 g/L furfural-water mixture 


