
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



Concentration of Dairy Flavours 
using Pervaporation 

A thesis presented in partial fulfilment of the requirements for the degree of 

Doctor of Philosophy 

in 

Food Technology 

at Massey University, Auckland, New Zealand 

Amy Rachael Overi ngton 

2008 



Abstract 

The food i ndustry could potential ly benefit from using pervaporation,  a membrane 

process, to concentrate flavours. This research aimed to investigate its appl ication 

for concentrating flavours in  dairy process streams. Pervaporation experiments 

were carried out at a range of operat ing condit ions, us ing hydrophobic 

membranes .  The feed m ixtures were ei ther aqueous model solutions of dairy 

flavour compounds (acids, esters and ketones) ,  complex model mixtures 

contain ing flavour compounds plus non-volat i le dairy components , or real dairy 

products. 

Flavour compound enrichment factors ranged from below one to above 30, with 

esters and ketones being concentrated more effect ively than acids. Thus, the 

flavours cou ld be part ial ly fract ionated based on their chemical structure . The 

permeation of acids was reduced by approxi mate ly 50% when the feed pH was 

increased to near their p Ka values. 

For flavour compounds with lower molecu lar weights than approximately 

1 20 g mol- I , permeat ion was control led mainly by sorption in  the membrane; for 

larger compounds it was control led mainly by diffusion through the membrane. 

The mass transfer of each flavour compound increased with temperature, 

fol lowing an Arrhenius- l ike relationship. The activation energy was a function of 

each compound's heat of sorpt ion, its molecu lar weight, and the elastic modulus 

of the membrane. The act ivat ion energy was also related to the Arrhenius pre

exponential factor. Thus, fluxes could be estimated through empirical correlations. 

The non-volat i le feed composit ion was an important factor influencing the 

pervaporat ion performance. Milk protein isolate (4% w/v) or lactose (6% or 1 2% 

w/v) bound with the flavour compounds in  the feed, thus lowering the enrichment 

of sorption-control led compounds. Mi lk  fat (up to 38% w/v, in the form of cream) 

reduced the enrichment of al l the flavour compounds tested. Esters and ketones 

became unavailable for pervaporation as they part i t ioned into the fat phase; ac ids 

remained mainly in  the aqueous phase, but their permeation was reduced because 

the added cream increased the feed pH. 

Experiments with real dairy products showed that pervaporation could be used to 

concentrate diacetyl in  starter dist i l late, and to selectively recover short-chain 

esters from ester cream. Of these two products, starter dist i l late is  the more 

promising for use as a pervaporation feed stream. 
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Chapter 1 

I ntroduction 

Consumers are i ncreas ingly movmg away from arti fic ial ly-flavoured foods, 

preferring to select natural ly-flavoured products. As flavour compounds are 

typical ly  found at low levels in  foods, i t  is  not usual l y  feasible to use a complete 

food as a flavouring i ngredient. Instead, flavours are recovered from natural 

foods, and concentrated for use as flavouring i ngredients. 

Tradi tional ly, the dairy industry has created flavouring ingredients by usmg 

enzymes or fermentation techniques to intensify the flavours natural ly  present i n  

many dairy products. A wel l-known example i s  enzyme-modified cheese, which 

provides a cheese flavour when used as a food i ngredient (Ki Jcawley et aI . ,  1 998) .  

In New Zealand, Fonterra Co-operative Group Ltd produces fermented dairy 

flavour ingredients for use in other Fonterra products, i ncluding enzyme-modified 

cheese and a fermented enzyme-modified cheese flavour concentrate (Crow et a I . ,  

2003) .  Tatua Co-operati ve Dai ry Company produces l ipolysed cream and 

l ipolysed butter oi l ,  which are sold as pastes or powders (Tatua Co-operat ive 

Dairy Company, 2004). 

Somet imes i t  is  advantageous to separate the flavours from the food matrix .  Some 

methods that the flavour industry currently uses to recover or concentrate flavours 

i nclude techniques based on extraction, dist i l lat ion, partial condensation and gas 

stripping (Karlsson & Tragardh, 1 997; Quiri n  & Gerard, 1 998 ; Ziegler & Ziegler, 

1 998a; Ziegler & Ziegler, 1 998b). Recently, attent ion has turned to pervaporat ion, 

a membrane separation process, as an alternative concentration method. In 

hydrophobic pervaporation, volati le hydrophobic compounds, such as flavours, 

pass through the polymeric membrane more readi ly than water, and are thereby 

concentrated in the permeate (Lipnizki et aI . ,  1 999) .  Pervaporation has several 

advantages over other flavour recovery techniques : no addit ives are necessary, 

energy usage is comparatively low, the product remains natural , and low to 

moderate operating temperatures mean that thermal degradation ei ther does not 
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occur or IS minimised ( Karl sson & Tragardh, 1 997; Lipnizki et aI . ,  1 999;  

Wi l lemsen et aI . ,  2004).  

Pervaporation has been used in the chemical industry since the 1 980s, to remove 

water from solvents (Neel, 1 99 1 ;  Jonquieres et aI . ,  2002) .  Its potential for flavour 

recovery has been identified by a large number of researchers (reviewed by 

Karlsson & Tragardh, 1 993 ,  1 996; B audot & Marin ,  1 997;  Pereira et aI . ,  2006) ,  

bu t  the food industry has only j ust begun to  use pervaporation for flavour 

recovery on a commercial basis (Wil lemsen, 2005) .  One reason for the slow 

uptake by food and flavour manufacturers is  that i t  is  difficult to predict 

pervaporation performance. Publ i shed results of pervaporation research vary 

widely because of differences in the membranes, the operating conditions, the 

pervaporation unit  and the feed solution . 

When the feed solution contains more than one flavour compound, i t  is possible 

for the various compounds to i nteract during pervaporation ( Kedem, 1 989; 

Karlsson & Tragardh,  1 993 ) .  The situation potential l y  becomes more complex if 

the feed mixture contains other components apart from flavour compounds and 

water. For example, most dairy products contain fat , protein and lactose; these 

non-volati le components do not pass through pervaporation membranes, but they 

could nevertheless i nteract with flavour compounds and affect their pervaporation 

behaviour. 

S imple model feed solutions therefore provide the best method to study the 

pervaporation process without any complicating factors , but results wi th real feed 

mixtures do not always match those with model feeds (Souchon et aI . ,  2002; 

Kanani et aI . ,  2003) .  Real feed mixtures are best to evaluate pervaporation for a 

particular appl ication, but the results obtained apply only to the feed mixture 

tested and cannot be extrapolated to other applications. In order to l ink these two 

extremes and reduce the need to test each feed mixture individual ly,  there is a 

need for more research to understand how, or if, the characteristics of the feed 

mixture affect the pervaporation of flavours. 

The aim of this study was to investigate pervaporation as a means of 

concentrating flavour compounds in selected dairy process streams.  Experiments 

were designed to understand the effect of each operating parameter, and each 
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aspect of the feed mixture, on the pervaporation of flavour compounds. The 

majority of the study focussed on model dairy flavour compounds: organic acids, 

esters and ketones. Compounds from these three functional groups contribute to 

the flavour of cheese and other dairy products (U rbach,  1 997 a; Keen, 1 998) .  

Pervaporation of the model flavour compounds was investigated using various 

feed mixtures of relevance to dairy processing. 

The specific objectives of this study were as fol lows: 

• To compare the pervaporation behaviour of a range of dairy flavour 

compounds in a model feed solution, in order to determine the influence of 

functional group and molecular weight on flux and selectivity. 

• To determine how the operating conditions affected the pervaporat ion of 

each flavour compound, in an aqueous feed solution and with the addition of 

dairy fat .  

• To determine how the pervaporation of each flavour compound was 

influenced by the feed mixture, including the feed pH, the presence of other 

volati le compounds, and the presence of non-volat i le dairy components. 

• To use pervaporat ion to concentrate or fractionate flavours in real dairy 

process streams. 

• To develop an empirical model to predict the pervaporation fluxes of dairy 

flavour compounds. 
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Literatu re review 

Dairy flavours are generall y  complex mixtures of flavour compounds. Despite 

several decades of study, the flavours of many dairy products have not been 

completely characterised (Nursten, 1 997 ;  McSweeney & Sousa, 2000) . For this 

reason, dairy flavours are difficult  to reproduce art ificial ly ;  this fact has led 

researchers to focus instead on recovery and concentration of natural dairy 

flavours (Sibeij n  et aI . ,  2004).  Traditional methods for ach ieving th is  goal include 

dist i l lation, evaporation, gas stripping and sol vent extraction ( Karlsson & 

Tragardh, 1 997) .  A potential new method is pervaporation, a membrane 

separation process. This l iterature review provides an overview of dairy flavour 

chemistry, including methods for flavour recovery and concentrat ion, fol lowed by 

a summary of the current knowledge of pervaporation as appl ied to flavour 

concentrat ion. 

2.1  Chemistry of dairy flavours 

Flavour is defined as the entire sensory experience when a food is eaten, inc luding 

taste, aroma, sight, feel ing and sound. Within this grouping, flavour chemistry is 

usually restricted to those compounds that contribute to either the taste or aroma 

of a food (Hansen & Booker, 1 996; Lindsay, 1 996; Nursten, 1 997) . Aroma 

compounds are usual l y  volati le, and only very small amounts are needed to have 

an i mpact (Hansen & B ooker, 1 996).  For example,  some of the sulphur 

compounds found in cheese can be detected by humans at less than 10 parts per 

b i l l ion (Mol imard & Spinnler, 1 996). The overal l  flavour of a food is made up of 

a mixture of many flavour compounds; some have a greater influence than others, 

and in  some cases one characteristic flavour compound dominates all others 

(Hansen & Booker, 1 996). It is generall y  accepted that flavours of many dairy 

products depend on a mix ture of flavour compounds being present in the right 

proportions (the component balance theory), rather than hav ing one characteristic 

flavour compound (Badings & Neeter, 1 980; McSweeney & Sousa, 2000; 
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Zehentbauer & Reineccius, 2002) .  However, some researchers suggest that 

characteristic flavour compounds may exist for these products, but current 

techniques do not allow them to be isolated or identified yet (Lindsay, 1 996; 

Urbach, 1 997b) .  

Figure 2- 1 presents an overview of the formation of the main flavour compounds 

found in  dairy products. These compounds originate ei ther in  the raw mi lk  or from 

degradation of the main constituents of mi lk  (fat, protein and lactose) .  The 

particular flavour of each product depends on which of the degradation pathways 

in Figure 2- 1 is  dominant. Several reviews discuss the reactions in Figure 2- 1 i n  

more detai l (Fox & Wal lace, 1 997; Keen,  1 998; McSweeney & Sousa, 2000). 

Unfermented dai ry products, such as milk and cream, have a bland flavour. 

Aroma compounds in fresh mi lk  originate from the cows' feed and from m icrobial 

processes during digestion (Nursten, 1 997; Keen, 1 998), but they are mostly 

present below threshold levels (Badings & Neeter, 1 980). The perceived flavour 

of mi lk is  therefore mostly  due to basic tastes (a sweet taste from lactose and a 

salty taste from salts) and mouthfeel (Badings & Neeter, 1 980; Heath, 1 983 ;  

Nursten, 1 997). Mouthfeel has relat ive ly more impact on  flavour i n  bland 

products such as mi lk  (Goulden, 1 970). 

The main difference between mi lk ,  cream and butter is  their fat levels. Flavour 

contributions from the fat globule membrane and in  the fat itself therefore become 

more i mportant for h igher-fat products. Compounds in the aqueous phase sti l l  

contribute to  the flavour of  cream, but butter flavour i s  mainly due to  fat-soluble 

compounds (Badings & Neeter, 1 980; Mallia et aI . ,  2008) .  

Cultured mi lks and yoghurt have a stronger flavour than fresh mi lk ,  because 

lactose is fermented during the production process, creating lactic acid,  diacetyl 

and acetaldehyde (Nursten, 1 997) .  Diacetyl and acetaldehyde are also responsible 

for the flavour of unripened cheese, due to fermentation of lactose by the starter 

bacteria (Urbach, 1 997a) . The stronger, more complex flavours of ripened dairy 

products, such as most cheeses, are caused by the act iv i ty of enzymes and 

secondary microflora, as wel l  as the starter cul ture ( Urbach, 1 997a). These 

microorganisms and enzymes break down mi lk  fat, lac tose and protein, to produce 

a wide variety of flavour compounds. Compounds derived from the degradation of 
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casein (the main protei n  i n  cheese) are the main contributors to the flavour of 

most cheeses, but fat-derived compounds are i mportant in creating the flavour of 

mould-ripened cheeses (SchormUller, 1 968;  Smit  et a l . ,  2002) .  

Apart from the desired flavour, dairy products are also susceptible t o  off-flavours. 

These can originate from taints in the cows ' feed, uncontro l led hydrolysis of fat to 

produce free fatty acids, or uncontro lled oxidation of fatty acids ( Keen, 1 998 ; 

Mal l ia  et al . ,  2008) .  Consumers can eas i ly detect off-flavours because mi lk  i s  so 

bland (Goulden, 1 970; Nursten, 1 997) .  Raw cream i s  therefore usual l y  treated to 

remove any strong flavours reSUl t ing from the cows' feed. In  New Zealand, this i s  

usually ach ieved with a Flavourtech spinning cone column, which wi l l  be 

described in Section 2 .2 .2  (FT Technologies, 2006) .  

2.2 Recovery and concentration of dairy flavours 

Because such a wide variety of flavour can be produced by fermenting dairy 

substrates, many flavouring ingredients are dairy-derived. For example, snacks, 

sauces, dressings, baked goods and confectionary may al l  use dairy-derived 

flavours (Sibeij n  et al . ,  2004) . However, it is uncommon to add dairy products 

straight in to a food for the purpose of flavouring, because a large amount would 

need to be added to achieve a strong enough flavour. Thi s  can alter the balance of 

fat, protein  and lactose i n  the final product, as  wel l as  being expens ive (Ki lcawley 

et al . ,  1 998) .  I t  is therefore preferable to use a highly concentrated flavouring 

ingredient at low dosage rates. These ingredients may be created via several 

methods: blending chemicals to produce an artificial flavour (Reineccius ,  2006) ,  

creat ing stronger flavours by  modifying the dairy substrate (Eaton,  1 994; 

K i lcawley et al . ,  1 998; Reinecci us, 2006) ,  or using separation processes to recover 

and concentrate the flavours already present in the dairy substrate (Sibeij n  et al . ,  

2004) . 

The flavour of arti fic ial blends can be precisely control led (Reineccius, 2006), 

but this method has some drawbacks when used for dairy flavours. As mentioned 

in the previous section, dairy flavours tend to be very complex, which makes i t  

difficult  and expens ive to artific ial ly  create an authentic dairy flavour (Eaton,  

1 994; Kilcawley et al . ,  1 998; S ibe ij n  et al . ,  2004).  Consumers also tend to avoid 
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art ificial ly-flavoured products (Eaton, 1 994; Reinecc ius, 2006) .  Hence, i t  is 

preferable to create natural flavours from dairy ingredients. 

To obtain a natural flavouring ingredient, intense flavours can be created In a 

dairy substrate by accelerati ng the flavour-forming reactions in  Figure 2- l .  

Enzyme-modified cheese is  one flavouring i ngredient that uses this technology. 

This product is  manufactured by incubat ing cheese with enzymes and/or 

microorganisms, which break down protei n  and fat to create flavour compounds 

( Ki lcawley et aI . ,  1 998) .  When enzyme-modified cheese is  used as a flavouring 

ingredient, the normal usage rate is  a few percent or less, as the flavour is usual ly  

between five and 25 t imes as  intense as  in  regular cheese (Moskowitz & NoeJck, 

1 987) .  

Alternat ively, a concentrated flavouring i ngredient can be produced by 

concentrating the flavours already present in  a dai ry substrate . Flavours can be 

concentrated ei ther by removing water (thus concentrating both the flavours and 

the other components of the food) or by using separat ion techniques to remove the 

flavour compounds from the food. Separation techniques split a mixture i nto two 

phases, us ing either temperature-based separation (some components are removed 

as sol ids or vapour, while others remain l iquid), extraction ( some components 

move from one solvent phase to another) or membrane separation (some 

components pass through a semi-permeable membrane, whi le others cannot 

permeate) .  The fol lowing subsections describe some methods for flavour recovery 

and concentration. 

2.2. 1 Flavour concentration by removing water 

The concentration processes described in this section rely on removing water to 

create a concentrated flavour in the original matri x .  As these processes are not 

strictly flavour recovery methods, they wi l l  be described here only briefly .  

2 .2 . 1 . 1  Freeze concentration 

Freeze concentration has mainly been studied as a means of concentrating frui t  

ju ices. The process involves removing the water in a solution as  ice  crystals, so 

that the remaining components are concentrated. Like other processes that operate 

at low temperatures, freeze concentration requires l ittle energy and does not 
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thermal ly  damage the product (Mannheim & Passy, 1 975 ;  Ramteke et aI . ,  1 993) .  

However, i ts major disadvantage i s  the l imi t  to the concentrations that can be 

ach ieved. As the mixture becomes more concentrated, the freezi ng point  is  

depressed and v iscosity i ncreases, mak ing i t  more difficul t  to remove ice crystals 

and freeze further ( Husain & Lai , 1 987; Ramteke et aI . ,  1 993) .  Freeze 

concentration can concentrate ju ices to about 40-55% dry matter (Ramteke et aI . ,  

1 993) ;  start ing with a typical ju ice with 1 0% solids (Thij ssen, 1 970) , this 

represents only a four- to five-fold concentrat ion. 

Thijssen ( 1 970) noted that any i nsoluble materials present in frui t  ju ice would be 

removed along with the ice. The same res triction would be true for fat-containing 

products - both fat and water would crystal l ise out during freeze concentrat ion. 

Many flavour compounds associate with the fat phase i n  a fat/water mixture (de 

Roos, 1 997), so may also be removed during freeze concentrat ion.  

2 .2 . 1 .2 Reverse osmosi s  

Reverse osmosis i s  a pressure-driven membrane process, in  which water and some 

low molecular weight solutes permeate through the membrane, but most solutes 

remain in the retentate (Pozderovic & Moslavac, 1 999; Walstra et aI . ,  2006) .  

Reverse osmosi s  is  already used i n  the dairy i ndustry, al though i ts purpose i s  

usual ly to  concentrate whey or  other products prior to  spray drying, rather than to 

concentrate flavours (Walstra et aI . ,  2006) .  

Pozderovic & Moslavac ( 1 999) used reverse osmosis t o  concentrate apple ju ice 

aroma from evaporator condensate. When 70% of the water was removed, 67-

78% of the aroma remained in the retentate; hence the aroma was concentrated by 

a factor of 2 .3-2.6. Their results reflect earl ier work by Matsuura et al .  ( 1 975) ,  

who concentrated apple ju ice aroma by a factor of 1 .65-2.22 using reverse 

osmosis .  S imi larly, Kane et al. ( 1 995)  concentrated lemon aroma compounds by a 

factor of 1 .8-2.9 using reverse osmosis. Sensory tests confi rmed that there was no 

detectable difference between the original lemon aroma and the concentrate after 

reverse osmosis, when both were di luted to the same strength.  

Low temperatures and h igh pressures are the most effect ive operating conditions 

for aroma concentration using reverse osmosis (Matsuura et aI . ,  1 975 ;  Kane et aI . ,  

1 995 ;  Pozderovic & Moslavac, 1 999). However, Walstra et al .  (2006) cautioned 
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that lactose could crystall i se at low operating temperatures, meaning that reverse 

osmosis may be more effective for concentrating flavours in aqueous process 

streams than in dairy products. 

2.2.2 Recovery of flavour compounds 

Freeze concentration and reverse osmosis tend not to ach ieve particularly h igh 

concentration factors , as noted in  the previous section. To ach ieve a greater 

concentration factor, the volatile flavour compounds can be separated from the 

food matrix using one of the techniques described below. 

All of the fol lowing methods are selective to some degree; that is ,  some flavour 

compounds are concentrated more effectively than others. Depending on the 

separation method, selectivity may be based on differences in the volat i l i ty of 

each flavour compound, or on differences in the affinity of each flavour 

compound for a solvent, adsorbent or membrane. 

2 .2 .2 . 1 Disti l lat ion-based methods 

Dist i l lation is a common flavour recovery method in the food industry (Karlsson 

& Tragardh,  1 997; Ziegler & Ziegler, 1 998a). It involves boil ing a l iquid mixture 

and condensi ng the vapour in different fractions, depending on the boi l ing points 

of the components of each fraction (Ziegler & Ziegler, 1 998a) . Feed components 

are thus separated based on their relat ive volat i l i t ies. If  one component is much 

more volat i le  than the others (that is ,  if the vapour composition is very different 

from the l iquid composition), then the volati le component wi l l  be easi ly separated 

using dist i l lation (Treybal , 1 980). In other words, good candidates for flavour 

recovery by disti l lation are food products in  which al l the important flavour 

compounds are more volat i le than water, and have si mi lar volat i l ities to each 

other. Various flavour compounds have relative volati l ities ranging from less than 

one to more than 500 compared with water (Thijssen, 1 970), meaning that a 

flavour mix concentrated by dist i l lation i s  unl ikel y  to  have exactl y  the same 

composition as the unconcentrated flavour mix .  

The relat ive volati l i ty of two components, Q(jiSI , I S  given by the fol lowing 

equation (Treybal, 1 980) :  

1 1  



Chapte r 2 

Xi,v /( 1 - Xi,v ) xi,v ( 1  - Xi,! ) 
adisl = = 

Xi,! /( 1 - Xi,! ) Xi,! ( 1 - Xi,v ) 
(2- 1 )  

where Xi, ! i s  the mole fraction of  the more volat i le  compound i n  the l iquid phase, 

and Xi, v is the equi l ibrium mole fraction of the more volat i le compound in the 

vapour phase, Equation (2- 1 )  shows that the rel at ive volat i l i ty is given by the 

relative amounts of two components in the vapour, div ided by their relat ive 

amounts in  the l iquid, The relat ive volat i l ity can also be seen in  a phase diagram 

(Figure 2-2),  in which the relative volat i l i ty refers to the d istance between the 

bubble poin t  ( temperature versus l iquid composi t ion) and dew point (temperature 

versus vapour composit ion) curves (Treybal, 1 980) ,  From Figure 2-2, it can be 

seen that at a given temperature, the mole fraction of the more volat i le  component 

in  the vapour wi l l  be greater than its mole fraction in the l iquid. Hence, the two 

components can be separated by dist i l l at ion, 

Compounds with a relat ive volat i l i ty c lose to one (compared wi th water) cannot 

be recovered using dist i l lation (Th ij ssen, 1 970), This means that some low

volat i l i ty flavour compounds may not be recovered, For example, acetic acid has a 

relat ive volati l i ty  of 0,73 compared with water (Thijssen, 1 970) , Disti l lation also 
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Figure 2-2: Constant-pressure phase diagram for a two-component system (adapted from 
Treybal, 1980; Karlsson & Tragardh, 1 997). 
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cannot achieve a complete separation in s i tuations where an azeotropic mixture is 

formed, for example in the separation of ethanol and water (Treybal , 1 980) . To 

break the azeotrope, disti l lation can be combined with another separation 

technique. 

In the food industry, high temperatures may damage flavours during dist i l lat ion. 

Thi s  thermal damage can be avoided by carrying out dist i l lation at a reduced 

pressure, which enables the mixture to boil at a lower temperature (Karlsson & 

Tragardh, 1 997;  Ziegler & Ziegler, 1 998a). However, lowering the pressure can 

result in  flavour compounds being lost with the vent gases (Ribeiro et aI . ,  2004) . 

Dist i l lation has the advantage of being a wel l -estab l i shed, wel l -understood 

techn ique. Its major l im itations are thermal damage and its high energy use, as 

energy must be suppl ied to overcome the latent heat of evaporat ion (Ziegler & 
Ziegler, 1 998a) . 

A related technique is the single-stage process of flash vaporisation. The l iquid 

feed is  partial ly  vaporised by heating i t  and reduc ing the pressure, then the vapour 

and l iquid phases are separated after reaching equ i l ibrium (Treybal, 1 980). As 

long as the relative volat i l i ty (Equation (2- 1 ) ) is  not equal to one, the vapour and 

l iquid phases wi l l  have different compositions. S imi larly, the flash vaporisation 

process may be reversed, with a vapour instead of l iquid feed, to produce partial 

condensation (Treybal, 1 980). 

In  partial condensat ion, a mixed vapour is condensed into several fractions by two 

or more condensers in series, working at different temperatures (Karl sson & 

Tragardh, 1 997) .  Most of the water vapour is retained in  the in i t ial condenser, 

while the majority of aroma compounds pass this stage and are col lected in a later 

condenser. Baudot & Marin ( 1 999) combined pervaporat ion with part ial 

condensat ion, for concentrating ethyl acetate. They condensed the pervaporation 

permeate vapour in two stages: the first condenser, set between 1 0  and - I Ooe, 

condensed most of the water in  the permeate, and the second condenser, at  -70oe, 

col lected the majority of the ethyl acetate. In this way, they were able to ach ieve a 

concentrat ion up to four t imes better than pervaporation alone. 
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2.2 .2 .2  Gas stripping 

Gas stripping i nvolves contacting a flavour-containing feed l iquid with steam or 

an inert gas, so that volati le flavour compounds are transferred from the feed to 

the gas, to be separated in a condenser or wet scrubber (Karl sson & Tragardh, 

1 997). A good contact between the l iquid and the gas is  needed, so the process 

may be carried out in a dist i l lat ion column, packed tower, sparged aerator or 

bubble column (Karlsson & Tragardh,  1 997; Ribeiro et al . ,  2004). An alternat ive 

design is a spinning cone column. Inside a spinning cone column there i s  a series 

of inverted cones, half of which are fi xed and half of which are rotati ng. The feed 

i s  passed in to the top of the column onto the first spinning cone, and i s  spun out in  

a thin fi lm over the edge of the spinning cone onto a fixed cone below, as  shown 

in  Figure 2-3 (Flavourtech Ltd, no date) .  The feed sl ides down the fixed cone and 

onto the next spinning cone, thus working its way down the column. 

S imultaneously, steam or an inert gas enters the bottom of the column and works 

i ts way up, so that volat i les are transferred from the feed to the stripping gas 

(Pyle, 1 994; Anon. ,  2004). 

Spinning cone columns are used In  the dairy industry to deodorise cream (FT 
Technologies, 2006) .  They are therefore usefu l  i n  principle for separating flavour 

compounds from dairy products. 

Figure 2-3: Diagram of Flavourtech spinning cone column (Flavourtech Ltd, no date). 
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2.2 .2 .3  Solvent extraction 

Flavours may be extracted from ei ther a solid or l iquid substrate, into a solvent 

which readi ly dissolves the flavour compounds but not other components of the 

mixture ( Karlsson & Tragardh, 1 997; Ziegler & Ziegler, 1 998b). Solvent 

extraction is  better than disti l lation in  si tu ations where a water-free aroma extract 

is needed (Schul tz & Randal l ,  1 970). However, this flavour recovery technique 

has several drawbacks. Many solvents are able to extract flavours, but these often 

have boi l i ng points c lose to those of the aroma compounds, so that it is difficult to 

separate the solvent from the aroma concentrate (Schultz & Randal l ,  1 970) . 

Solvent extraction is also not very select ive compared to some other separat ion 

processes, which can cause the extract to have an unsatisfactory flavour (Pierre et 

a\ . ,  200 1 ;  Kattenberg & Wil lemsen, 2002) .  As many solvents are unsui table for 

food grade use, l iquid solvent extraction is uncommon in food processing 

(Karlsson & Tragardh, 1 997). 

To overcome this di sadvantage, a supercrit ical fluid may be used instead of a 

l iquid solvent. Dissolved compounds are eas i ly recovered by lowering the density 

of the supercrit ical fluid (which reduces its solvent capaci ty) ; this can be achieved 

by lowering the pressure or increasing the temperature (Palmer & Ting, 1 995) .  

Carbon dioxide is  almost always used as the supercrit ical fl uid, as i t  is a good 

solvent, as wel l  as being inexpensive, with no major safety issues (Palmer & Ting, 

1 995 ; Quirin  & Gerard, 1 998) .  However, supercritical fl uid extraction is costly, 

and has the disadvantage that fat is  al so extracted along with the aromas 

(Kattenberg & Wil lemsen, 2002) .  

Schultz and Randall ( 1 970) used l iquid, rather than supercritical, carbon dioxide 

to extract flavour compounds from pear, apple and orange ju ices, ground coffee 

and orange pieces. They found s imi lar volatile profi les in  both the raw material 

and the aroma extract, al though compounds with longer gas chromatography 

retention t imes (greater than 1 0  minutes) were extracted more efficiently. Carbon 

dioxide is select ive towards l ipoph i l ic compounds (Quirin & Gerard, 1 998), which 

would often have longer retention t imes. 

An al ternat ive to supercri t ical fl uid extraction, which also has some advantages 

over tradi t ional l iquid extraction, is solvent extraction using a membrane 
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contactor as an interface between the feed and the solvent. This technique has the 

advantage that the two phases do not mix ,  so no agitation is necessary, 

emulsification does not occur and both l iquids can have the same density (Pierre 

et aI . ,  200 1 ) . PielTe et al . (200 1 )  used membrane-based sol vent extraction to 

recover the aroma compounds dimethyl disulphide, dimethyl trisu lphide and 

methylthiobutanoate from aqueous solutions. Membrane-based solvent extraction 

achieved a h igher flux than pervaporation for the three compounds tested, but was 

less selective. 

2 .2 .2 .4 Adsorption 

Flavour recovery by adsorption involves passing the feed l iquid through a column 

fi l led with adsorbent material .  Flavour volatiles adsorb to the material and the 

remainder of the feed passes through . Volatiles can then be removed from the 

sorbent by wash ing with a l iquid or gas, or altering the pressure or temperature so 

that the sorption capacity is reduced (Karlsson & Tragardh ,  1 997) . 

Parl iment ( 1 98 1 )  lIsed an adsorbent (C 1 8  reverse-phase H i-Flos i l ,  consisting of 

octadecyl groups bonded to a si l ica gel backbone) to recover flavour compounds 

from various systems. Flavour compounds were desorbed using a sol vent which 

was gradual ly  changed from water to acetone. In this way, flavours were 

fractionated; compounds with a low molecular weight and high polarity eluted 

first (while the solvent was mostly water) and compounds with a high molecular 

weight or low polarity eluted last (whi le the sol vent was mostly  organic) .  

Krings et a1 . ( 1 993) tested 3 1  different adsorbents for removing 1 2  aroma 

compounds from a model solution. Activated carbon was the best adsorbent, but 

using this material it is difficult to desorb compounds using organic solvents 

(Krings et aI . ,  1 993) .  S tyrene-divinylbenzene resins and zeol ite showed good 

adsorption as well as desorption. Most material s had non-specific adsorption, but 

an exception was p-cyclodextrin which adsorbed only some of the compounds in 

the model solution ( Krings et aI . ,  1 993) .  

More recently, Edris et al .  (2003)  used act ivated carbon adsorption to recover 

aroma compounds from an aqueous waste stream produced during essential oil 

manufacture. Between 40% and 90% of each compound was recovered from the 

waste stream onto the carbon. 
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Adsorption is not commonly used in the food industry, mainly because of 

difficul ties desorbing flavour compounds from the adsorbent in a way that is 

acceptable in food processing ( Karlsson & Tragardh, 1 997). 

2.2.2.5 Pervaporation 

Pervaporation is  a membrane process in  which components of the l iquid feed are 

select ively transported through a non-porous membrane into a vapour phase on 

the permeate side of the membrane (Neel ,  1 99 1 ;  Borjesson et aI . ,  1 996; She & 

Hwang, 2004).  

The first industrial-scale pervaporat ion plants were bui l t  in Europe in 1 982 

(Mulder, 1 996). Their purpose was to dehydrate organic solvents, which remains 

the main industrial appl ication of pervaporation today (Jonquieres et aI . ,  2002 ; 

Schafer & Crespo, 2003 ) .  In  recent years, pervaporation has attracted interest as a 

potential technique for flavour recovery and concentrat ion. A ju ice processing 

plant in  The Netherlands recent ly began using pervaporation to recover flavours 

lost during processing (Wi l lemsen, 2005) .  

Despi te a large volume of l i terature on pervaporat ion for aroma recovery, only 

one food processing company i s  publ ic ly known to have an industrial -scale 

pervaporation plant in operation for this purpose. Food compan ies are slow to 

adopt pervaporat ion because it is  a new technique with relat ively l i ttle industrial 

information ; for example, the membrane performance over t ime under process 

conditions is unknown, the sensory profi le of the permeate has not been studied 

for many appl ications, there are few pilot-scale fac i l it ie worldwide, and 

commerc ial membranes are expens ive and difficul t  to source (Kanani et aI . ,  2003 ; 

Wi l lemsen, 2005 ). 

Pervaporation has the advantage that i t  can be operated at ambient temperature, 

which means that flavour compounds wi l l  not be damaged by heat. During 

pervaporat ion, only a small fraction of the feed evaporates (the fraction that passes 

through the membrane) .  This means that the phase change in pervaporation 

requires less energy than in dist i l lation-type processes, which rely  on evaporat ing 

a large portion of the feed .  No additives are necessary; thus the recovered flavour 

can be regarded as natural (Karlsson & Tragardh ,  1 996, 1 997; Lipnizki et a! . ,  

1 999; Wi l lemsen e t  aI . ,  2004). 
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The remaining sections in this l iterature review wi l l  cover the current knowledge 

of pervaporation, with a part icular focus on l i terature relevant to flavour 

concentrat ion .  

2.3 Fundamental aspects of pervaporation 

In membrane separation processes, a permselect ive membrane forms a barrier 

between a feed phase and a permeate phase (Mulder, 1 996). The feed can be 

separated because some components pass through the membrane i nto the 

permeate phase more eas i ly than others (Huang & Rhim, 1 99 1 ;  Ho & Sirkar, 

1 992;  Wijmans et aI . ,  1 994; Mulder, 1 996). Membrane processes differ as to 

which feed components permeate through the membrane and which are retained; 

separation is based on permeant s ize in  some membrane processes, whereas for 

other processes it is based on the chemical affinity between the permeants and the 

membrane (Mulder, 1 996). Pervaporation fal l s  in  the latter category. 

Pervaporation membranes are non-porous, which means that they do not sieve 

particles based on their size. Instead, separation occurs on a molecular scale :  

permeant molecules disso lve i n  the membrane then diffuse through to the 

downstream side (Mulder, 1 996). 

In pervaporation,  the driving force for transport is a chemical potential gradient 

across the membrane, due to a d ifference in act ivi ty (and partial pressure) of each 

permeant compound between the feed and permeate s ides (Rautenbach & 

Albrecht, 1 989;  Bengtsson et aI . ,  1 992;  Fleming & Slater, 1 992a; Karlsson & 

Tragardh, 1 993 ;  Lipnizki et aI . ,  1 999; Trifunovic & Tragardh, 2002 ; Peng et aI . ,  

2003) .  This is  almost always ach ieved by  using a vacuum pump to reduce the total 

pressure on the permeate side, but may also be achieved by heating the feed 

stream or cool ing the permeate stream to condense it ,  or by sweeping an i nert gas 

over the permeate s ide to di lute the permeant (Boddeker, 1 990; Wijmans et aI . ,  

1 994; Lipnizki e t  aI . ,  1 999). However, the latter method is  on ly  preferred if the 

permeate does not need to be recovered (Wijmans et aI . ,  1 994) , which means that 

it i s  of l i ttle use for flavour concentration, in which the permeate is the valuable 

fraction. 
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The low downstream pressure causes the permeate to evaporate, which makes 

pervaporation unique among membrane processes, in that the feed is a l iquid and 

the permeate is a vapour (Mulder, 1 996). 

Pervaporation performance is measured by the parameters of flux and select ivi ty. 

The flux i s  defined as the amount flowing through the membrane per unit area and 

t ime (Karlsson & Triigardh, 1 996; Mu lder, 1 996). The flux of each permeant 

compound depends on its driv ing force as wel l  as the ease with which it passes 

through the membrane (Mulder, 1 996). 

Select ivi ty is  determined by the relat ive permeat ion rates of different components 

(Huang & Rhim, 1 99 1 ;  Urt iaga et al . ,  2002). Select iv ity can be defined in two 

ways: the separat ion factor ( a) and the enrichment factor (/1). 
The separation factor is  the rat io of two components in the permeate divided by 

their ratio in the feed: 

x I x . 
a = 1 , 1' j , p 

x J I x J I , j . 
(2-2) 

where Xi,p and Xj.p are the concentrat ions of components i and j in  the permeate, 

and xi/ and xj.f are their concentration in the feed (Wijmans et al . ,  1 994; Karl sson 

& Triigardh, 1 996; Baudot & Marin, 1 997; Lipnizki et al . ,  1 999; Peng & Liu, 

2003) .  As this formula only al lows for two components, the separat ion factor can 

strictly be defined only for binary mixtures. To avoid this difficulty i t  is possible 

to define, for example, j to be water and i to be al l other components of the 

mi xture (Sampranpiboon et al . ,  2000b). 

Wijmans et al .  ( 1 994) modified the expression for the separat ion factor by 

model l ing pervaporation as two steps: evaporat ion of the feed l iquid and 

permeation through the membrane. Th is is not what happens in real ity, but is  

thermodynamical ly  equivalent to the real s i tuation (Wij mans et al . ,  1 994) . Each 

step had i ts own separat ion factor, and the two were mult ipl ied to give the total 

separation factor. The select iv ity of the evaporat ion step depended on the vapour

l iquid equ i l ibrium (analogous to dist i l lat ion, Equation (2- 1 ) ) ,  and was thus 

regarded separately  from the intrinsic membrane select ivi ty (Wijmans et al . ,  

1 994) . Baudot & Marin ( 1 997) appl ied th is  theory to the selectivit ies reported in  
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the flavour pervaporation l i terature, showing how pervaporation was more 

select ive than dist i l lation for some compounds, but less selective for other 

compounds. 

The other common measure of selecti v ity, the enrichment factor, is  the ratio 

between a part icular component ' s  concentrat ion in the permeate and i ts  

concentrat ion in  the feed ( Karlsson & Tragardh, 1 996; Baudot & Marin,  1 997;  

Lipnizk i  et al . ,  1 999): 

(2-3) 

If  the concentrations of both the feed and the permeate are low, the separation 

factor and the enrichment factor are s imi l ar, because the solvent concentration (xjJ 

and Xj,p) i s  c lose to a mole fraction of one (Beaumel le et al . ,  1 992; Karlsson & 

Tragardh, 1 993,  1 996; Baudot & Marin, 1 997;  Peng et al . ,  2003 ). Therefore, for 

pervaporation of di lute mixtures of flavour compounds, most researchers measure 

the selectivity in terms of the enrichment factor. 

Flux  and select iv ity are both important parameters to consider when evaluat ing 

pervaporation performance; the flux wi l l  determine the throughput of a part icular 

pervaporation system and therefore help to determine its economic viabi l i ty, and 

the selectiv i ty wi l l  determine the degree to which the required separat ion wi l l  be 

ach ieved (Beaumel le et al . ,  1 993 ;  Karlsson & Tragardh, 1 996). Higher 

select ivi ties also reduce the energy cost, as less water needs to be evaporated and 

condensed (Beaumelle et al . ,  1 993) .  There is  often,  but not always, a trade-off 

between flux and selectiv i ty ( Huang & Rhim, 1 99 1 ;  Sampranpiboon et al . ,  

2000a) ;  for example, the flux may need to be very low in  order to achieve the 

desired selecti vi ty. Figure 2-4 i l lustrates this trade-off, with data from 

Sampranpiboon e t  al . (2000b), showing how the operating conditions that 

ach ieved the highest flux resul ted in  the lowest separation factor. Therefore, 

pervaporation system designers must decide how much i mportance to place on 

each of these two parameters. 
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Figure 2-4: Graphs reproduced from Sampranpiboon et al. (2000b) showing how ethyl 
butanoate and water fluxes increased, but the separation factor decreased, as the 
temperature was raised. Likewise, the PDMS (polydimethylsiloxane) membrane allowed a 
higher total flux (water plus ethyl butanoate) but a lower separation factor than the POMS 
( polyoctylmethylsiloxane) membrane. 

To reflect both the flux and the selectivity in a single term, thereby indicating the 

overall effic iency of pervaporat ion, Huang & Rhim ( 1 99 1 )  defined the 

pervaporat ion separat ion index (PS!) as: 

(2-4) 
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where lror is the total flux .  J i raratananon et al . (2002b) modified the defin i t ion 

s l ightly:  

PSI = J 101 (a - 1 )  ( 2-5) 

Thi s  means that when PSI i s  zero, there is  ei ther no flux or no separation, as 

separation wi l l  not occur i f  a is equal to one (Sampranpiboon et aI . ,  2000a). A 

s imi lar parameter, the production index (PI), was defined by Liu et al . ( 1 996) as : 

PI = J i (fJ - 1 )  ( 2-6) 

The flux term In the PSI equations refers to the total flux ,  whereas in the PI 

equation i t  refers to the flux of only the component of in terest. PI i s  therefore a 

better measure of efficiency when pervaporation is used for flavour concentrat ion, 

because there is  l i tt le point i n  aiming for a h igh total flux i f  the fluxes of flavour 

compounds are not significantly increased. 

The usefu lness of the pervaporation separation index was shown by J i raratananon 

et al . (2002b), who tested several differen t  membranes for the pervaporation of an 

ethyl butanoate solution, us ing PSI as defined in Equation (2-5 ) .  They found that a 

polyether-block-amide/polysulphone membrane had the greatest PSI over the 

range of feed concentrations tested, although i t  did not produce either the highest 

separat ion factor or h ighest flux .  However, PSI and PI are only useful in  

s i tuations where flux and selectivity have equal importance. In real ity, the 

separation objective of each application should be considered carefu l ly  when 

deciding whether to place more importance on flux or select iv ity. For example, 

aroma recovery appl ications often require the permeate to have a s imi lar aroma 

profi le to  the feed; this means that a l l  compounds that contribute to the aroma 

must have s imi lar enrichment factors .  Pervaporation must  achieve th is  

prerequis i te in order to be feasible, even if a high flux would lead to a h igh PSI. 

This  need for an individual ised approach is probably why PSI and PI are rare ly  

reported i n  hydrophobic pervaporation l i terature; even researchers who do report 

them also give fluxes and select ivi ties separately (Liu  et aI . ,  1 996; Sampranpiboon 

et aI . ,  2000a; J i raratananon et aI . ,  2002b).  
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2.4 Factors that determine pervaporation performance 

Figure 2-5 shows the range of factors that can affect each step in pervaporat ion. 

Some of these factors are known to influence resul ts in  a particular way. For 

example, an increased feed temperature always leads to a higher flux .  However, 

di fferences between different permeant compounds, and in teractions of permeants 

with one another and with non-permeat ing feed components, are less clear. 

A so many factors infl uence pervaporation performance, results from different 

studies cannot be directly compared unless they were obtained using the same 

pervaporat ion system at the same operating conditions. To enable easIer 

comparisons between studies, Wijmans (2003) encouraged researchers to report 

permeabi l i t ies (f1uxes normal ised for the part ial pressure difference across the 

membrane) instead of si mply fluxes. However, this approach only removes one 

confounding factor, permeate pressure, out of the many factors that can influence 

results .  The fol lowing subsections describe each of the factors shown in Figure 

2-5. 

Factors affecting mass 
transfer from bulk feed to 

membrane 

Feed flow rate 

Module design 

Interactions with 
other permeants 

Properties of 
permeant compound 

Feed concentration 

Feed temperature 

Permeate pressure 

Factors affecting driving 
force for permeation 

Factors affecting mass 
transfer into and through 

membrane 

Type of membrane 

Figure 2·5 : Operating conditions and feed solution aspects that may affect pervaporation. In 
many cases each factor is not independent. 
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2.4. 1 Influence of membrane type 

The type of membrane governs which mixture components wi l l  permeate 

preferential l y. Pervaporation uses non-porous, polymeric membranes, which may 

be either hydrophi l ic or hydrophobic (organophi l ic) .  Water permeates 

preferentiall y  through hydrophi l ic membranes, whereas hydrophobic membranes 

al low hydrophobic organic compounds to permeate more easi ly .  

Hydrophi l ic pervaporation i s  more advanced commerc ial l y  than hydrophobic 

pervaporation.  By  the mid- J 990s, 62 pervaporation plants had been instal led 

worldwide for solvent dehydration (hydrophi l ic pervaporation) ,  but there was only 

one industrial plant for recovering volati le compounds from water (hydrophobic 

pervaporation) (Jonquieres et aI . ,  2002) .  S ince then, at least one other 

hydrophobic pervaporation plant has been instal led (Wi l lemsen, 2005) ,  but 

hydrophi l ic pervaporation is  sti l l  more common. 

Pervaporation is  most efficient i f  the preferentially permeating compound is  the 

minor feed component (Feng & Huang, 1 997; Peng et aI . ,  2003) ;  hence the main 

use of hydroph i l ic membranes is  for solvent dehydrat ion (Jonquieres et aI . ,  2002) .  

Hydrophi l ic membranes are of no use in  concentrating flavour compounds, 

because water is  the major component of di lute flavour mixes. Hydrophi l ic 

pervaporation is reviewed by Semenova et al . ( 1 997) and Chapman et al .  (2008),  

and wil l  not be considered further here .  

Hydrophobic membrane materials that can be used for pervaporation include 

polydimethylsi loxane (PDMS) ,  PDMS fi l led with s i l ical i te, 

polyoctylmethyls i loxane (POMS),  polyether-block-polyamide (PEBA),  

polytetrafluoroethylene, polybutadiene, and polypropylene (Lipnizki et aI . ,  1 999; 

Jonquieres et ai . ,  2002) .  Apart from these polymers, inorganic zeol i te membranes 

may also be used for pervaporat ion;  their use was reviewed by Bowen et al . 

(2004). 

PDMS I S  the malO type of hydrophobic membrane avai lable commercial l y  

(Jonquieres e t  aI . ,  2002) ,  and the vast majority of  l iterature on hydrophobic 

pervaporation uses PDMS membranes. The more common materials for 

hydrophobic membranes wi l l  be discllssed below. However, results from di fferent 

researchers cannot be direct ly compared because pervaporation performance i s  
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affected not only by the membrane type, but also by al l the other factors in Figure 

2-5 . 

2 .4. 1 . 1  Polydimethyls i loxane (PDMS) 

PDMS i s  the membrane material most frequent ly used for hydrophobic 

pervaporation experiments. It is  a polymer consisting of the monomer units 

shown in  Figure 2-6 (Bdrjesson et aI . ,  1 996; Mulder, 1 996). The lack of double 

bonds allows rotation around each bond (Mulder, 1 996), making PDMS a flex ible 

polymer. 

The free volume theory states that molecules can diffuse through the membrane 

by moving through molecular-sized holes, or free volume, between the polymer 

chains (Yeom et aI . ,  1 999; Peng et aI . ,  2003) .  As PDMS is flexible, it a l lows 

molecules to diffuse through i t  eas i ly  and hence permits h igher f1uxes than most 

other membranes (Karl sson & Tragardh , 1 993 ) .  PDMS separates permeants based 

on their chemistry rather than their molecular size (Yeom et aI . ,  1 999), so that 

most hydrophobic flavour compounds wi l l  permeate preferential l y  over water, 

even though they are usual ly much larger. 

Recent ly, Verhoef et al . (2008) showed that a PDMS membrane designed for 

nanofi l trat ion could  also be used for separat ing an ethanol/water mixture using 

pervaporat ion. The nanofi l tration membrane, with a l arger free volume than 

tradit ional pervaporation membranes, al lowed a higher flux and a comparable or 

better selectivity than two PDMS pervaporation membranes. This finding helps to 

overcome one of the barriers to adopting pervaporation technology, the lack of 

inexpensive commercial membranes. In Verhoef et al . ' s  (2008) study, the feed 

contained up to 50% ethanol , which was able to swel l  the nanofi l trat ion 

CH3 I 
- Si-O-I 

CH3 
n 

Figure 2-6: Structure of a PDMS monomer unit. 
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membrane and make it more dense ( i n  other words, more l ike a pervaporation 

membrane) .  Therefore, their resu l ts may not be direct ly  appl icable to 

pervaporation of flavour compounds, which are typical l y  present at concentrations 

too low to significantly swel l  the membrane. 

A lthough PDMS exhibits good pervaporation performance in terms of high 

fiuxes ,  it  lacks mechanical strength (Uragami et al . ,  200 1 ;  Liu & X i ao, 2004) and 

its select iv ity is  poor ( Dotremont et al . ,  1 995) .  To overcome the l ack of 

selectiv ity, a zeol i te fil ler, such as s i l ical ite,  is  often i ncorporated i n  the 

membrane. S i l icalite, which h as the structure shown i n  Figure 2-7, is a 

hydrophobic  zeol ite with pores of about 5 A diameter (Mulder, 1 996) .  The pores 

al low si l ical i te to act as a ' molecular sieve' to reduce the diffusion of large 

molecules (Dotremont et al . ,  1 995) .  S i l ical ite ' s  hydrophobicity causes it to 

improve the sorption of most compou nds in the membrane ( Kumar et al . ,  1 997). 

As s i l ical i te i ncreases sorption but decreases diffusion, its effect on pervaporation 

performance depends on the type of compounds being separated. 

The addition of s i l icalite to a membrane i mproves the select iv ity, not by 

increasing the transport of organic molecules, but by lowering the transport of 

water; hydrophobic molecules preferential ly  sorb into s i l ical i te,  which means that 

water cannot penetrate through the membrane as easi ly ( B audot & M arin, 1 996; 

Vankelecom et al . ,  1 997; Baudot et al . ,  1 999). However, a less h ydrophobic 

zeol ite,  zeol i te Y, reduced the enrichment factor of aroma compounds (compared 

with a pure PDMS membrane) ,  as it al lowed a h igher water fl u x  ( Vankelecom et 

al . ,  1 997). 

Figure 2-7: Silicalite pores viewed from above, showing two molecules adsorbed inside 

( reproduced from Jobic, no date). 
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Vankelecom et al .  ( 1 997) took advantage of the molecular sieve effect in  

experiments to  remove ethanol from a model solution without removing flavour 

compounds, using PDMS membranes with and without added s i l ical ite. They 

found that, of the membranes tested, PDMS with 40% s i l icalite was best because 

it al lowed ethanol (a small  molecule) to pass through, but l arger aroma 

compounds did not permeate as easi ly .  The hydrophobic si l ical i te caused the 

membrane to exclude water (Vankelecom et al . ,  1 997) .  Likewise, Baudot et al . 

( 1 999) observed that ethyl acetate sorbed in  the s i l ical i te portion of a fi l led PDMS 

membrane, thus lowering water transport and i ncreasing the select ivity. The same 

result was observed by Baudot and Marin ( 1 996) for methylthiobutanoate , but 

diacetyl ,  a more hydrophil ic molecule, did not lower the water transport in  this 

way. 

Zeo l i te-fi l led membranes have the advantage of high selecti vit ies,  but the 

molecular sieve effect means that they often cannot reach the high f1uxes of 

unfi l led PDMS membranes, especial ly  for large, high-boi l ing organ ic molecules 

(Baudot et al . ,  1 999). Vankelecom et al .  ( 1 997) achieved organic f1uxes of 5 .52-

5 .80 g m-2 h- 1 with membranes incorporating various zeol ites, compared with 

7 .34 g m-2 h- 1 for an unfi l led PDMS membrane. Souchon et al . (2002)  found that 

unfi l led PDMS membranes achieved a h igher methylthiobutanoate flux than 

s i l ical i te-fi l led PDMS.  However, both membrane types had a s imi lar select ivity 

for this compound. S i l ical ite fi l lers decreased the flux of isopropanol and acet ic, 

propanoic and butanoic acids, compared with an unfi l led PDMS membrane 

( Kumar et al . ,  1 997) .  

However, adding zeol i tes to a membrane does not always decrease the flux .  Some 

polar compounds such as methanol ,  ethanol and diacetyl sorb weakly in PDMS, 

which may lead to the sorption capac ity of the fi l ler being greater than that of the 

PDMS (Kumar et al . ,  1 997; Vankelecom et al . ,  1 997).  This greater sorption can 

cause fil led membranes to al low h igher f1uxes than unfi l led membranes, in some 

circumstances. For example, Dotremont et al . ( 1 995) found that higher levels of 

s i l ical i te in a PDMS membrane improved the sorpt ion of trichloroethylene in  the 

membrane, provided that the feed vapour pressure was not too h igh. However, the 

permeabi l ity of tetrachloromethane was reduced, due to the molecular sieve effect 

(Dotremont et al . ,  1 995) .  
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Apart from zeol ites, several researchers have made other modifications to PDMS 

membranes. Some examples are given below. These mainly involve altering the 

hydrophobicity of PDM S ,  rather than altering both sorption and diffusion as 

zeo l i tes do. It is difficult to evaluate the effect of each modification because none 

has been extensively studied under a range of conditions. 

Mishima & Nakagawa (2000) experimented with PDMS membranes grafted with 

1 H, 1 H ,9H-hexadecafluorononyl methacrylate, a hydrophobic polymer. The 

grafted membrane had a lower total flux (20-40 g m-2 h- I ) than unfi l led PDMS 

(30- 1 50 g m-2 h- I ) . The grafted membrane was more selective, due to the 

hydrophobicity of the fi l ler. Th is allowed high sorption of trichloroethylene, and 

the presence of both trichloroethylene and hydrophobic I H, I H ,9H

hexadecafluorononyl methacrylate reduced the d iffusion of water and benzene 

(Mish ima & Nakagawa, 2000). 

Uragami et al . (200 1 )  made graft copolymer membranes of polymethyl 

methacrylate, polyethyl methacrylate or poly-n-butyl methacrylate grafted to 

PDMS. In general , h igher PDMS contents caused h igher permeation rates . The 

permselectiv i ty i ncreased when the copolymer contained greater than 40% PDMS 

(for membranes contain ing polymethyl methacrylate) or greater than 70% PDMS 

(for membranes contain ing polyethyl methacrylate), as the PDMS became the 

cont inuous phase. The membrane containing poly-n-butyl methacrylate did not 

show microphase separation (Uragami et al . ,  200 I ) . 

Miyata et al . ( 1 997) modified the surface of PDMS membranes by adding either 

hydrophi l ic (PDMS-polydiethylacrylamide) or hydrophobic (PDMS

nonafluorohexyl methacrylate) block copolymers to a PDMS base. These surface 

modifiers al tered the membrane select iv i ty, making i t  e i ther water-selective or 

ethanol -selective, without affect ing diffusion (Miyata et al . ,  1 997) .  This i s  a 

potential improvement over adding s i l ical i tes to a membrane, as permeabi l i ty is  

not lowered. 

Liang & Ruckenstein  ( 1 996) tested PDMS-polystyrene i nterpenetrating polymer 

network membranes for separating ethanol from water. Membranes with more 

polystyrene were stronger, but had a lower permeation rate than those with less 

polystyrene. As polystyrene is  more hydrophobic than PDMS, the separation 
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factor increased with increasing polystyrene content (Liang & Ruckenstein, 

1 996). 

2.4. 1 .2 Polyoctylmethyls i loxane (POMS) 

POMS has a s imi lar structure to PDMS, except that one methyl side group i s  

replaced by an octyl group (Figure 2-8)  (Borjesson et  aI . ,  1 996; Trifunovic & 

Tragardh,  2006) .  The larger side group causes the polymer chains to be further 

apart, and reduces their rotat ional capaci ty (Mulder, 1 996), making POMS less 

flexible than PDMS.  POMS therefore does not achieve such high f1uxes as 

PDMS, but its selectivity is  better (Sampranpiboon et aI . ,  2000b; Olsson, 200 1 ) . 

Sampranpiboon et al . (2000b) found that POMS gave better separat ion factors 

than PDMS,  for concentrat ing aqueous solutions of ethyl butanoate and ethyl 

hexanoate . At temperatures below 40°C, both membranes gave s imi lar aroma 

compound f1uxes, but PDMS allowed more water to permeate. The PDMS 

membrane presented such a small resistance to mass transfer, that transport in the 

feed boundary layer was the rate-l imit ing step (Sampranpiboon et aI . ,  2000b) .  

Olsson (200 I )  evaluated several types of PDMS,  POMS and PEBA membranes 

for recovery of aroma compounds from model apple ju ice. Good performances 

( 1 00- to 1 000-fold enrichments) were achieved with two POMS membranes and 

one PDMS membrane. Of these, the PDMS membrane gave h igher mass transfer 

coeffic ients but lower selecti vit ies than the POMS membranes (Olsson, 200 I ) . 

CH3 I 
- Si-O-

\ pH2 H2C\ 
pH2 H2C\ 
pH2 

H2C\ 
pH2 

H3C n 

Figure 2·8: Structure of a POMS mono mer unit (Trifunovic & Tragardh, 2006). 
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2 .4. 1 .3 Polyether-block-amide (PEBA) 

PEBA consists of amorphous polyether b locks and crystal l ine polyamide blocks, 

with transport main ly occurring in the more flexible polyether part of the 

membrane (Djebbar et al . ,  1 998) .  PEBA membranes have good permselectivity, 

and are stable to heat, chemicals and mechanical force (Sampranpiboon et al . ,  

2000a). A PEBA membrane was able to  concentrate methyl anthrani late by a 

factor of 1 5 .3 ,  compared to 9 .3  with a membrane made of a PDMS-polycarbonate 

block copolymer (Rajagopalan & Cheryan, 1 995) .  B audot & Marin ( 1 996) tested 

PEBA and s i l ical i te-grafted PDMS membranes for the recovery of diacetyl and 

methylthiobu tanoate by pervaporation .  The enrichment factor of diacetyl was 

s imi lar whichever membrane was used, but the enrichment factor of 

methylthiobutanoate was much higher with a PEBA membrane than with 

s i l icalite-fi l led PDMS .  Thi s  was because the partial flux of methylthiobutanoate 

was 2- to 4-fold greater through PEBA compared to PDMS,  but the water flux  

was lower. Of  the three membrane materials tested by  Souchon e t  al . (2002) 

(PEBA,  fi l led PDMS and unfi lled PDMS),  only PEB A  achieved a h igher 

methyl thiobutanoate selecti vity than would be expected from its vapour-l iquid 

equ i l ibrium.  In other words, pervaporation with both PDMS membranes was less 

efficient than disti l l at ion.  

PEBA often does not allow such h igh f1uxes as unfi l led PDMS,  as its polymer 

chains are less flex ible (Djebbar et al . ,  1 998) . However, its f1uxes are st i l l  

competi t ive with other membranes. Souchon et al . (2002) found that PEBA 

membranes achieved methylthiobutanoate f1uxes of  0.23 or 0.30 g m-2 h- I , 

compared to 0.67 g m-2 h- I with a pure PDMS membrane. Wi th a s i l ical i te-fi l led 

PDMS membrane, the flux was only 0. 1 7  g m-2 h- I . However, Souchon et al . 

(2002) did not l is t  the thicknesses of the two PDMS membranes, which i s  

necessary for a rel iable comparison. Djebbar et al . ( 1 998) compared five PEB A  

membranes, o f  differing composit ion, with a PDMS membrane. Ester f1uxes wi th 

the best-performing PEBA membrane were 1 9-84% lower than those obtained 

wi th the PDMS membrane. Rajagopalan & Cheryan ( 1 995)  observed that a PEBA 

membrane could achieve a flux almost double that of a PDMS-polycarbonate 

block copolymer, during pervaporation of an aqueous solution of methyl 

anthrani late. 
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Within PEBA, the branched polyether units are more hydrophobic than the 

polyamide uni ts, which means that organic compounds in teract with the polyether 

portion and water interacts with the polyamide portion (Jiraratananon et aI . ,  

2002b).  Hence, Djebbar e t  al . ( 1 998) found that PEBA membranes with a greater 

polyether content permitted greater ester f1uxes, and Boddeker et al . ( 1 997 ) found 

that a PEBA membrane with 80% polyether sorbed van i l l in  better than one 

contain ing 50% polyether. Fluxes,  separation factors and pervaporat ion separation 

indices, for separating ethyl butanoate from water, were al l higher with a PEBA 

membrane that had 62  polyether units per polyamide as opposed to  53 ,  as the 

former membrane had more free volume as wel l as a h igher affini ty for ethyl 

butanoate (J iraratananon et aI . ,  2002b). 

2.4. 1 .4 Poly( I -trimethylsilyl- I -propyne) (PTMSP) 

PTMSP is becoming more popular, as i t  can ach ieve h igh fluxes without 

compromising selectivity (Fadeev et aI . ,  2000; Gonzalez-Velasco et aI . ,  2002) .  

PTMSP has the advantage that i t  can be used to make thinner membranes than 

PDMS (Gonzalez-Velasco et aI . ,  2002). However, the separation factor and 

permeat ion rate ach ieved with this membrane do not stay constant over t ime. This 

variable performance could be caused by membrane swel l ing, membrane 

compaction, chemical degradation of the pol ymer, or contamination ( foul ing) of  

the membrane (Fadeev et aI . ,  2000; Gonzalez-Velasco e t  aI . ,  2002 ; Fadeev et aI . ,  

2003) .  

In addit ion to the membrane types mentioned above, new pervaporat ion 

membranes are always being developed. Approximately one-th ird of the 

pervaporation-related European patents granted between 1 980 and 1 999 were for 

membrane development (Jonquieres et aI . ,  2002) .  Most published research uses 

PDMS, POMS or PEB A  membranes ;  other types of hydrophobic membrane have 

only been studied briefly,  so are not reviewed here .  

2 .4. 1 .5 Influence of membrane structure 

Pervaporation membranes have ei ther a s ingle thick l ayer, or a composi te 

structure consist ing of a thin act ive layer cast onto a porous support layer, which 

is  sometimes cast onto backing material (Figure 2-9) ( Koops & Smolders, 1 99 1 ;  

Baudot & Marin ,  1 997 ; Kujawski ,  2000; Trifunovic & Tragardh, 2005) .  The latter 
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Dense active layer 

Porous support layer 

Non-woven backing 
material 

Figure 2-9 : Cross-sectional schematic view of a composite membrane (Koops & Smolders, 
199 1 ). 

form allows the membrane to be self-support ing with a thinner act ive layer, which 

permits h igher fluxes. Pervaporation fluxes are normal ly i nversely proportional to 

the act ive layer thickness, because th icker membranes present a greater resistance 

to mass transfer (Spitzen et aI . ,  1 988 ;  Baker et aI . ,  1 997; Pereira et aI . ,  1 998) .  An 

exception to this rule occurs with very thin membranes, if  the membrane 

res istance becomes so low that it is no longer the rate- l imit ing factor. For 

example, Baker et  al. ( 1 997) found that the relationship between toluene flux and 

inverse membrane thickness plateaued at thicknesses of I 0-20 �m, depending on 

the membrane type. However, for the water flux ,  the relationship remained l i near 

at all thicknesses tested. 

There is also evidence that thin membranes have lower select ivi ties (Baudot & 

Marin, 1 997) .  For example, Diban et al . (2008) found that (E)-2-hexen- l -ol  had 

an enrichment factor of 1 60 with a PDMS membrane 1 480 �m thick, compared to 

just 20 with a membrane 1 4.8  �m thick. Spitzen et al . ( 1 988) explained the effect 

on select iv i ty in terms of the membrane manufacturing process: thin membranes 

require less t ime for the solvent to evaporate when they are cast, causing them to 

have a less dense structure, which is  not as selective. Alternati vely, Baudot & 

Marin ( 1 997) suggested that thick membranes have high select ivi t ies because they 

can strongly sorb organic compounds. 
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The porous support layers of composite membranes are largely ignored in 

pervaporation studies. However, several researchers have shown that the support 

l ayer can significantly affect resul ts .  J i raratananon et al . (2002b) investigated the 

effect of the type of porous support on the pervaporation of ethyl butanoate 

aqueous solutions through PEBA membranes. Polysulphone supports achieved a 

better pervaporation separat ion index than the more hydrophi l ic polyacrylonitri le. 

Trifunovic & Tragardh (2005 )  compared polyetherimide and polyacrylonitrile 

support layers, with a POMS act ive layer, for pervaporat ion of aqueous ester and 

alcohol solutions. Both types of support layer reduced the permeab i l ity, with the 

effect being more apparent for larger permeant compounds. With a polyetherimide 

support, the intrinsic permeabi l ity of the act ive layer was up to five t imes h igher 

than the overal l permeabi l i ty of the composi te membrane, whereas the 

polyacrylonitrile support only caused a 30% difference. Both support layers also 

reduced the select iv i ty and the driving force. 

Commercial hydrophobic membranes are avai lable from l imi ted suppl iers; hence 

almost al l researchers either obtain prototype membranes from a research 

institution (commonly GKSS-Forschungszentrum Geesthacht GmbH) or make 

their own. Thus, membranes used for different studies often di ffer considerably,  

even i f  they are made of the same polymer type. For example, pervaporation 

membrane act ive layers are usual ly  between about 1 0  and 1 50 )lm thick (Baudot 

& Marin ,  1 997), but membranes as thin as 0. 1 )lm (Kujawski,  2000) and as thick 

as 1 480 )lm (Diban et aI . ,  2008) have been reported. In addit ion, support layers of 

different types (or no support layer at al l )  have been used with PDMS act ive 

layers. This makes i t  difficult to compare findings from different studies. Despite 

this caveat, the above discussion on different membranes suggests that PDMS is 

the best choice in situations where a high select iv ity is  not required, because its 

flux is general ly  higher than the other commonly avai lable membranes. There are 

more pub l i shed resul ts  available for PDMS than any other hydrophobic 

membrane, which is  an advantage if pervaporation system designers need to 

choose a membrane without doing extensive trials .  In spite of these advantages, 

more selective membranes would be a better choice in certain situations, such as 

when a high enrichment factor is required and flux is not so important. 
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2.4.2 Influence of feed solution 

2.4.2. 1 Feed concentrat ion 

The feed concentration of each permeant d irect ly affects i ts dri vi ng force, so that 

in d i lute solutions, i ndividual compound f1uxes usual ly  increase proport ional ly  

wi th  the feed concentration, and the concentrat ion does not  great ly affect the 

water flux (Karl sson & Tragardh, 1 994; Lamer et al . ,  1 996; M ishima & 

Nakagawa, 2000; J iraratananon et al . ,  2002b; Peng et al . ,  2003; Isci et al . ,  2006; 

Perei ra et al . , 2006) .  Therefore, theoretical ly ,  the feed concentration should not 

influence the selectiv i ty in this case. Thi s  is  the most common situation I n  

pervaporation o f  flavour compounds, as feed solutions tend t o  b e  di l u te. 

When the feed concentration i s  greater than a few hundred parts per m i l l ion,  the 

effect of concentrat ion becomes more complex, and the relat ionship between 

concentrat ion and flux may no longer be l inear ( Karlsson & Tragardh, 1 994) . At  

h igh feed concentrations, the permeant may plasticise (swel l )  the membrane. 

Plasticising compounds increase the flexibi l ity of the membrane polymer by 

lowering i ts glass transi tion temperature (Alger, 1 989),  thereby increasing the 

membrane free volume and fac i l i tat ing diffusion. The increase in diffus iv i ty 

causes h igher organic and/or water f1uxes than would be expected from the raised 

driving force (Mulder, 1 996; Feng & Huang, 1 997 ; Peng et al . ,  2003) .  This may 

lead to the selectivity e i ther increasing or decreasing at h igher concentrations, 

depending on how much the organic and water f1uxes change. 

Sampranpiboon et al. (2000a) found that the total flux of an isopropanol-water 

mixture i ncreased more than four-fold when the isopropanol concentration was 

rai sed from 1 0% to 40% (w/w). This was caused by increases In both the 

i sopropanol and water fluxes. In pervaporation of flavours, it IS rare for 

plastici sation to occur, because the feed concentrat ion is usual l y  too low. 

However, an example of plasticisation was reported by Rajagopalan et al . ( 1 994), 

who studied pervaporation of aqueous diacetyl solutions. The total flux remained 

fairly constan t  with a feed concentration between 20 mg L- 1 and 2000 mg L- 1 , but 

when the concentration was i ncreased to 20,000 mg L-1 , a much h igher total flux 

was obtained. The authors explai ned that the PDMS membrane may have been 

plasticised by diacetyl at this level, causing the water flux to increase. The 

diacetyl flux was l inearly dependent on the feed concentrat ion .  
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Also,  the act ivi ty (which determines the driv ing force) is  only l inearly dependent 

on the concentration in very di lute solutions. Sampranpiboon et al .  (2000b) found 

that ethyl butanoate fluxes increased less than proportional l y  to the feed 

concentration, which was between 300 and 700 ppm. They attributed this to a 

decrease in  the activity coefficient at higher concentrations; i n  other words, as the 

concentration increased, the driving force increased less than proportional ly .  This 

led to the separation factor decreasing as the feed concentration was raised. 

The effect of feed concentration depends on the perrneant and on the membrane. 

With a PEBA membrane, the separat ion factor of an ethyl butanoate-water 

solution increased with increas ing feed concentration (Sampranpiboon et al . ,  

2000a), bu t  the opposite was true with PDMS and POMS membranes 

(Sampranpiboon et al . ,  2000b) .  S imi larly, M ishima & Nakagawa (2000) found 

that the total fl ux through a PDMS membrane increased with increasing benzene 

concentration (0.005-0.035% w/w) ,  but the benzene concentration had a much 

smal ler effect on the total flux through a fluoroalkyl methacrylate-grafted PDMS 

membrane. The concentrations of other compounds tested (trichloroethylene, 

tetrachloroethylene, toluene, ethyl butanoate and ethyl benzoate) did not affect the 

total flux ,  ei ther with grafted or non-grafted PDMS (Mishima & Nakagawa, 

2000). The feed concentration did not affect the selectivity of a POMS membrane 

for smal l alcohol s  and esters , but had more effect on larger compounds within 

these funct ional groups (Trifunovic & Tragardh, 2006) .  

Lu  e t  al .  (2000) found that the separation factor and flux both increased with 

concentration for pervaporation of acetic acid/water mixtures through pure PDMS 

membranes at 25°C. However, for s i l ical i te-fi l led PDMS the results were sl ightly 

different. With a s i l ical i te loading of 1 7 .8% (w/w) the separation factor began to 

decrease at a concentration above 30% acetic acid (w/w), although the flux st i l l  

increased with concentrat ion. With a s i l ical i te loading of 49.9% (w/w), the 

separat ion factor reached a max imum at a concentration of 20% acetic acid (w/w), 

and the flux reached a minimum at j ust below this level .  These results were 

explained by the PDMS component of the membrane competing with the s i l ical ite 

component (Lu et al . ,  2000). 
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2 .4.2 .2 Type of permeant 

In pervaporation, separation IS determined by the interactions between the 

permeant and the membrane on a molecular scale (Pereira et  al . ,  2006) .  Therefore, 

the molecular properties of each permeant compound, together with the membrane 

properties, govern how easi ly each permeant wi l l  pass through the membrane. The 

size and shape of permeants, and their solubi l i ty in the membrane, determine their 

permeabi l i ty (B inning et al . ,  1 96 1 ) . 

Pervaporation studies reporti ng on more than one compound may be grouped in to 

two categories: those that select compounds for study based on what i s  found i n  a 

certain product ( for example apple j uice (Borjesson et al . ,  1 996) or blueberry 

aroma (Peng & Liu, 2003) ) ,  and those with a more systematic approach,  either 

comparing compounds from within a homologous series, or comparing s imi lar

s ized compounds from different functional groups. While the former approach i s  

ideal for studying a particular appl icat ion, the latter i s  much more useful for 

understanding why certain compounds permeate through pervaporation 

membranes more easi ly than others. The fol lowing paragraphs give some 

examples of these studies. 

In general , less polar compounds are more soluble in  hydrophobic membranes, so 

that the membrane wi l l  be more selective for these compounds (Baudot & Marin ,  

1 997) . However, larger compounds do not  diffuse through the membrane as  eas i ly 

(Lamer et al . ,  1 994) . This  means that the flux and selectivity may ei ther increase 

or decrease with increasing molecular size within a functional group, depending 

on whether sorption or diffusion i s  the contro l l ing factor. 

The most common way to determine whether sorption or d iffusion is  dominant is 

to experimental ly  measure the solubil ity of a compound in the membrane 

polymer, and to measure the pervaporation flux  or permeabi l i ty. If the f1uxes and 

permeabi l i ties of each compound fol low the same order as their solubi l i t ies, then 

sorption is  dominant; if they fol low the opposi te order, then diffusion is dominant. 

In  this way, Lamer et al . ( 1 994) found that f1uxes of esters and an alcohol were 

determined mainly by their sorption in the s i l icone rubber membrane, not by their 

diffus iv i ty. In  contrast, Vankelecom et al .  ( 1 997) found that less polar compounds 

sorbed better in  PDMS, but the chain length was more important than polarity to 
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determ ine the enrichment factor. Tri funovic & Tragardh (2003, 2006) examined 

sorption and pervaporat ion of homologous series of esters and alcoho ls  in POMS 

membranes. With in  each homologous series, t he  sorption coefficient increased 

exponential ly  with increasing molecular size. Esters were more sol uble than 

alcohol s  in  POMS;  ester f1uxes were consequent ly  one or two orders of magnitude 

h igher than alcohol f1 uxes. However, within each homologous series, f1uxes 

increased with increasing molecu lar size up to a poin t ,  then decreased. Trifunovic 

& Tragardh (2006) explained that the decreas ing region was due to the larger 

compounds having lower diffusiv it ies. 

Bengtsson et al . ( 1 992 ) concentrated natural app le aroma condensate USing a 

PDMS membrane. The enrichment factors fol lowed the order of polari ty; esters in 

the apple condensate had enrichment factors of 26- 1 33, aldehydes 1 6-67 and 

alcohols 2-22. Vankelecom et a l .  ( 1 997) also observed that esters had higher 

enrichment factors than alcoho ls ,  with aldehydes and ketones showing 

in termediate behaviour. 

In other studies, polarity was less important than molecular s ize. B i nning et a l .  

(196 1 )  found that the permeation rate decreased as chai n length increased, for a 

homologous series of hydrocarbons. Peng & Liu (2003)  used pervaporat ion to 

concentrate binary aqueous solutions of l i naloo l ,  d- l imonene, I -heptanol ,  

I -hexano l ,  trans-2-hexenal and ethyl acetate. They showed that ethyl acetate, 

wh ich had the lowest molecu lar weight and was also less polar then most other 

compounds tested, had the h ighest mass transfer coefficient through a PDMS 

membrane. d-Limonene had the lowest mass transfer coefficient because of its 

bu lky structure (Peng & Liu, 2003) .  Molecular size becomes more important with 

s i l ical i te-fi l led membranes, as larger molecules cannot eas i ly  pas through the 

s i l ical ite pores (Dotremont et a I . ,  1 995;  Baudot et aI . ,  1 999). 

Molecular shape can also influence pervaporat ion. Dotremont et al . ( 1 995) found 

that t-C4H9Cl sorbed less in PDMS than n-C4H9CI or i-C4H9Cl . B inning et a l .  

( 1 96 1 )  discovered that branched compounds permeated more slowly than straight

chai n compounds, and the presence of a double bond increased the permeation 

rate. Double bonds cause molecules to have a p lane geometry, which i conduc ive 

to permeation (Dotremont et aI . ,  \ 995 ) .  
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As pervaporation performance depends on chemical interactions between the 

permeants and the membrane, the effect of compound type on pervaporation i s  

l i nked with the membrane type. As was d iscussed in  Section 2.4. 1 .5 ,  membranes 

used in independent studies are rare ly  identical . Therefore, even l imi ting to PDMS 

(the most commonly-studied hydrophobic membrane) only,  the current l iterature 

comparing different compound types contains widely-varyi ng results .  For 

example, Baudot & Marin ( 1 997) l isted n ine studies of ethyl butanoate 

pervaporation through PDMS membranes, in wh ich the selecti v i ties (separation 

factors and enrichment factors) ranged from 56 to 1 944. This makes i t  difficult to 

analyse data across different studies, meaning that there is  no quanti tative model 

of the differences between pervaporation performance with d ifferent compounds, 

only the general rule of thumb that smal ler and/or less polar compounds tend to 

permeate more eas i ly .  

2 .4.2 .3 Interactions with other permeants  

In a mixed feed, permeants may interact wi th  each other, so that the flux and 

enrichment factor of a certain compound may di ffer depending on whether the 

feed is  a pure l iquid, a binary solution or a mixture (Karlsson & Tragardh, 1 993 ) .  

Permeant interactions fal l  into two categories: flow coupl ing (that i s ,  how 

components enhance or h inder the permeation of other components through the 

membrane) and al terat ion of the driving force by changing the part ial pressure of 

other compounds in the feed (Kedem, 1 989; Karlsson & Tragardh , 1 993 ;  Baudot 

& Marin ,  1 996, 1 997;  Berendsen et aI . ,  2006) .  Flavours are usual ly  mixtures of 

many compounds, so i t  is  useful to understand how interactions between flavour 

compounds affect pervaporat ion.  

Interactions between permeants may have ei ther a posi t ive or negat ive effect on 

pervaporation performance. In some studies, ester fluxes were reduced when other 

esters were added to the feed solution (Sampranpiboon et aI . ,  2000b; Isci et aI . ,  

2006). In  contrast, Peng & Liu (2003) found that the flux of I -heptanol more than 

doubled when other flavour compounds were present in the feed. Kanani et al .  

(2003) observed that alcohols tended to have higher permeabi l i t ies in  a 

mul ticomponent feed mixture than in  binary solutions, whereas most aldehydes 

had lower fluxes in  the multicomponent feed. 
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On the other hand, permeants do not always interact with each other at the low 

concentrations typical of flavour systems. As a result ,  some studies have not 

found any evidence of th is  phenomenon (Karlsson & Tragardh, 1 993 ;  She & 

Hwang, 2006a). There is some evidence that the operating conditions affect how 

strongly the permeant in teractions wiIl influence pervaporation (Sampranpiboon 

et al . ,  2000b; Peng & Liu, 2003) ,  which could be why permeant interactions affect 

pervaporation differently in different studies. 

Although flavour compounds are normal ly present in  low concentrations, some 

flavour systems also contain significant amounts of ethanol .  As both ethanol and 

flavour compounds wi l l  permeate through the membrane, h igh ethanol 

concentrations may affect pervaporation of flavours. 

With increasing ethanol concentration, the permeabi l ities of ethyl acetate, 

i-butanol ,  n-butanol and i-amyl alcohol decreased (Tan et al . ,  2005) and the flux 

of l i nalool decreased (Karlsson & Tragardh,  1 994). In both studies, the authors 

explained that a feed solution containing both ethanol and water is less 

hydroph i l ic than a sol ution without any ethanol ,  and is  therefore a more 

favourable environment for hydrophobic compounds, so that they have less 

i ncentive to pass into the membrane. Ethanol had no effect on 2-methylpropanal ,  

l -penten-3-01 ,  trans-2-hexenal, methanol o r  propanol (Karl sson & Tragardh,  

1 994; Tan et al . ,  2005 ). S imi larly, Ferreira ( 1 998) did not find evidence that the 

f1uxes of n-propanol ,  n-butanol, i-butanol or ethyl acetate (at levels lower than 

0.2% (w/w» were influenced by the flux of ethanol ,  in  pervaporation experiments 

where the ethanol level ranged from 0% to 20% (w/w).  In  contrast, the flux of 

i-amyl alcohol was correlated to the ethanol flux,  which Ferrei ra ( 1 998) 

hypothesised was due to its h igher feed concentrat ion than the other m inor 

components ( I  % w/w) .  However, it was not possible to conclude whether the flux 

of i-amyl alcohol was in  fact coupled to the ethanol flux or to the total flux 

(Ferreira, 1 998) .  

In  other cases, ethanol has a positive effect on flavour compound f1uxes. 

Beaumel le et al . ( 1 992) found that 1 0% ethanol increased the f1uxes of propanol ,  

ethyl acetate and ethyl butanoate, although it decreased their separat ion factors 

because the total flux was h igher in the presence of ethanol .  Karlsson & Tragardh 
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( 1 994) observed that the flux of 2-methyl-butanal increased with increasing 

ethanol concentration up to 3-6% ethanol , then plateaued. 

Flavour compounds can also al ter the pervaporation behaviour of ethano l .  

Beaumelle et al . ( 1 992) found that the  separation factor of a 1 0% ethanol-water 

mixture was reduced when 500 mg kg- I each of propanol , ethyl acetate and ethyl 

butanoate were added to the feed solution . S imi larly, Tan et al . (2005) noticed that 

the membrane became sl ight ly less permeable to ethanol when flavour compounds 

were added to the feed m ixture, although the flavour concentrations were too low 

for the effect to be sign i ficant. They explained that the e thanol permeab i l ity was 

reduced because aroma compounds preferential l y  sorbed in the membrane. 

Karlsson & Tragardh ( 1 994) observed that a mix ture of three aldehydes and two 

alcohols had no effect on the flux of ethanol . However, their total flavour 

compound concentration was only 96 ppm, so i t  i s  possible that higher 

concentrations would affect the ethanol flux .  

There are few in-depth studies of interactions between permeants in  di l ute 

aqueous solutions (such as flavours) duri ng pervaporation .  General ly,  researchers 

s imply compare the flux  of each component in a mixed feed with its flux in a 

s ingle-component feed solution . Th is gives usefu l  information if the degree of 

coupl ing i s  compared for several different compounds. However, i t  is  of l i tt le 

value if  only one or two compounds are tested. The above studies have shown that 

permeant interact ions depend on the concentrat ion and nature of each compound 

in  the feed, as wel l as on the operating conditions; therefore interactions between 

compounds cannot rel iably  be compared unless they can be tested under the same 

experimental condit ions. There is  a need for more research into which compounds 

posi t ively or negat ively affect the f1uxes of other compounds. 

2.4.2.4 Interactions with non-permeat ing feed components 

Dai ry systems present a technological chal lenge for pervaporation, because as 

wel l  as contain ing many flavour compounds, they also contain carbohydrates, 

proteins and fats .  These food components are expected to i nfluence pervaporat ion, 

as they are known to i nteract wi th flavour compounds (Mi l l s  & Sol ms ,  1 984; 

Hansen & Booker, 1 996;  Hatchwel l ,  1 996; de Roos, 1 997; Godshal 1 ,  1 997; 

Leland, 1 997; Guichard & Langourieux ,  2000; Ktihn et  al . ,  2007) .  
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The most common foods studied for flavour recovery by pervaporation are 

aqueous solutions such as ju ices (Bengtsson et al . ,  1 992; Rajagopalan & Cheryan, 

1 995;  Borjesson et al . ,  1 996; Pereira et al . ,  2006), which do not contain significant 

amounts of fat .  As a result ,  there is currently no l i terature on how fat affects 

flavour pervaporation, and very l i tt le on proteins or carbohydrates. Baudot & 

Marin ( 1 996, 1 997) provided a good discussion on some potential issues with 

pervaporation of dai ry systems, describing how non-volatile compounds should 

not enter the membrane, but could change the feed side act iv i t ies of flavour 

compounds, thus al tering their  driving forces. However, most of their  discussion 

has not yet been experimental ly  verified. To date, research on the effect of non

permeating feed components has mainly  tended to focus on fermentation broths 

(reviewed by Vane, 2005) ,  but there have been a few studies focussing on foods. 

Aroujalian et al .  (2003) examined the effect of protein on pervaporation of ethanol 

from a di lute aqueous solution. Soy protein, at 1 0 9 L - I , did not have a significant 

effect on the total fl ux or the ethanol selecti vity. The interaction of protein 

presence with permeate pressure was not stati sticaI ly  sign ificant ei ther, but the 

interaction of protein with feed temperature did have a sign ificant effect on 

select iv ity (though not on the total fl ux) .  The authors attributed this to the fact that 

protein becomes less soluble at higher temperatures. 

Glucose, xylose and lactose have al l been found to reduce the total flux of an 

ethanol-water solution ( Ikegami et al . ,  1 999; Aroujal ian et al . ,  2006) .  The effect 

on selectivity was less c lear; in some cases the sugars had a greater effect on the 

water flux than on the ethanol flux ,  causing the select ivi ty to increase, but in  other 

cases the sugars caused decreases in  ethanol selectiv ity ( lkegami et  al . ,  1 999; 

Aroujal ian et  al . ,  2006) .  However, lactose did not significantly affect the flux or 

select iv ity of methylthiobutanoate (Baudot et al . ,  1 996) or diacetyl (Rajagopalan 

et al . ,  1 994) . 

Membrane foul ing, caused by non-permeating feed components, can be a problem 

in  some membrane processes (Mulder, 1 996). It is  often assumed that as 

pervaporation membranes are non-porous, foul ing does not occur (Mulder, 1 996; 

Baudot et al . ,  1 999; Schtifer & Crespo, 2003) .  No foul ing of a PDMS membrane 

by protein  was observed (Aroujal i an et al . ,  2003) .  However, Fadeev et a1 . (2003) 

found that a nanoporous PTMSP membrane was fouled by a fermentat ion broth.  
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This  foul ing was not caused by fermentat ion media or yeast cel ls ,  but  rather by 

low-volat i l ity compounds i n  the fermentation broth sorbing i n  the membrane, thus 

blocking the pathway for other compounds to permeate (Fadeev et  al . ,  2003) .  

I n  addit ion, non-volat i le compounds general ly i ncrease the v iscosity o f  a solution, 

which could  influence the mass transfer of permeants on the feed side of the 

membrane. For most l iquid mi lk products, the Krieger-Dougherty equation can be 

used to estimate the viscosity (Walstra et al . ,  2006) : 

( cP J -2.59'",,, 17 = 17, 1 --
({Jmax 

(2-7) 

where 17 i s  the viscosity of the solution, 17s is the viscosity of the solvent (water i n  

th is  case) , cp i s  the volu me fraction o f  particles (fat globu les, casein micel les or 

serum proteins) ,  and lAnax i s  the maximum volume fraction of particles 

(approx imately 0 .8 for l iquid mi lk products) (Walstra et a l . ,  2006) .  Therefore, the 

viscosity increases as more non-volati le feed components are added. 

Viscosity differences cause the diffusivi t ies of flavour compounds in oi l  or protein 

solutions to be approximately an order of magni tude lower than thei r d iffusivities 

in  water (Voi lley & Souchon, 2006) .  The lower diffusivi ty causes an increase in 

the res istance to mass transfer on the feed side of the membrane, thereby 

decreas ing the overall mass transfer coefficient. A high viscosi ty should affect 

diffusivit ies of al l  compounds to a s imi lar degree; de Roos ( 1 997) noted that when 

thickening agents are added to a flavour mixture, the flavour is weaker due to a 

lower rate of release, but has a s im i lar character to a non-thickened mixture i f  

flavours do not interact wi th the  thickening agent. In contrast, Godshal l ( 1 997) 

argued that, as flavour molecules of different s izes have d ifferent diffusivi ties, the 

flavour profi le could change in  mixtures wi th different th ickeners. I n  

pervaporation,  diffus ivi t ies in  the membrane are much lower than i n  the feed 

solution, so even though a high feed viscosity would reduce f1uxes overal l ,  i t  i s  

assumed that the feed viscosity would affect the relat ive f1uxes of each flavour 

compound only sl ightly.  
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2.4.3 I nfluence of operating conditions 

2 .4.3 . 1  Feed temperature 

Lite rature review 

It is general ly  agreed that ,  as the feed temperature increases, the flux wi l l  increase. 

Vapour pressures of each compound in the feed increase as the temperature i s  

raised, which leads to  a h igher driving force (Lipnizki e t  al . ,  1 999). Also, a l l  of the 

mass transfer steps in  pervaporation - diffusion through the feed boundary layer, 

sorption in and diffusion through the membrane, and evaporation on the permeate 

s ide - are potential ly  affected by the temperature (Sampranpiboon et al . ,  2000b; 

Peng et al . ,  2003 ; Liu et al . ,  2005 ; Isci et al . ,  2006). The effect of temperature on 

flavour compound fluxes seems to be determined mainly by the permeabi l i ty 

increase, whereas for water f1uxes it  is  determined mainly be the driving force 

increase (Olsson & Tragardh,  1 999). Baudot & Marin ( 1 996) found that the 

permeabi l i ty of water through PDMS or PEB A  membranes was not affected by 

the temperature at al l ;  the increase in  water flux with increasing temperature was 

solely due to the driv ing force. 

As permeat ion through membranes is  a rate process, fluxes usual ly change within 

the normal range of operat ing temperatures according to an Arrhenius-type 

relat ionsh ip (Feng & Huang, 1 996; Peng et al . ,  2003 ) ;  such a relationship is  

i l lustrated in Figure 2- 1 0 . The act ivation energy, which indicates how strongly the 

flux is  affected by temperature, is  normal ly of the order of 20-60 kJ mol- I (Feng 

& Huang, 1 996). With an acti vation energy of th is  magnitude, i t  can be calculated 

from the Arrhenius relat ionship that a temperature increase from 20De to 30De 

wi l l  lead to the flux i ncreasing by a factor of 1 .3-2 .3 .  The pre-exponential factor 

in the Arrhen ius relationship (that is, the logari thm of the hypothetical flux at 

infin i te temperature) is rarely reported in the pervaporation l i terature .  

There have been some attempts to  compare activation energies for different 

compounds and membranes. Mohammadi et al . (2005)  determined that methanol 

had a h igher activat ion energy than ethanol, with a PDMS membrane. They 

postulated that the acti vation energy increases as the difference in solubi l i ty 

parameter between the membrane and the permeant becomes larger, but th is  is  

difficult to prove based on resul ts from only two permeant molecules. In contrast, 

the activat ion energy for pervaporat ion of esters was found to increase with the 
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Figure 2- 10:  Arrhenius plot showing how the logarithm of the rate constant (usually defined 
as the flux rate in pervaporation literature) is linearly related to the inverse temperature 
(general form of Arrhenius plot adapted from Silberberg (2006». 

carbon chain length (Song & Lee, 2005) .  Kabra et al . ( 1 995)  found that the 

act ivation energy of butanoic acid was sl ightly greater than i sobutanoic acid, and 

1 .5-3 t imes greater than propanoic acid, for pervaporation through both p lain  and 

s i l icalite-fi l led PDMS membranes. The s i l ical i te-fi l led membrane ,  for which 

fluxes were lower, needed greater acti vation energies than the unfi l led membrane. 

Liang & Ruckenstein ( 1 996) also found that membranes for which the flux was 

lower had a h igher activation energy, for pervaporation of ethanol-water 

m ixtures .  However, Djebbar et al . ( 1 998)  could not find a relationsh ip between 

the activation energy and the membrane type or the permeant properties.  

Because the feed temperature affects the driving force as well as the mass transfer 

through the membrane, the activation energy is  a combined parameter showing 

the effect of temperature on both these factors (Feng & Huang, 1 996). To 

understand how the effect of temperature changes with d ifferent compounds and 

membranes, i t  would be more usefu l  to consider the driv ing force separate ly  from 

the mass transfer. Therefore, Feng & Huang ( 1 996) recommended calculat ing the 
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act ivation energy from the relationship between temperature and permeabi l ity, 

rather than temperature and flux .  They further explained that the activation energy 

of permeation, calcu lated in this way, is  itself a combination of the energy needed 

for sorption and the energy needed for diffusion.  These observations provide a 

basis for analysing the effect of temperature more carefu l ly, showing its separate 

effects on sorption, d iffusion and driving force, and thus should make it easier to 

explain the different acti vat ion energies reported for different membrane/permeant 

combinations. 

However, although Feng & Huang's paper was pub l i shed in  1 996, s ince then few 

researchers have fol l owed their recommendations, with most continuing to report 

act ivation energy based on flux only.  One except ion is 01sson & Tdigardh ( 1 999),  

whose resul ts  suggest that act ivat ion energies could be predicted for each 

permeant compound, as a function of the infin i te d i lution act iv ity coefficient, the 

l iquid molar volume and the functional group. Karl sson et al . ( 1 995 ) also 

calculated act ivation energies in  a s imi lar way, although they determined the 

permeab i l i ty by normal is ing the flux for the feed concentration rather than the true 

driving force. For most of the compounds they tested, the activation energies 

rough ly  fo l lowed the same order as the boi l i ng points. 

More acti vation energies of permeation must be reported for a variety of 

situations, before general conc lusions can be made regarding the act ivation energy 

for different permeants and membranes. 

The influence of temperature on pervaporation select ivi ty depends on the re lative 

activation energies of the compounds to be separated. Compounds with a high 

act ivation energy have their flux infl uenced to a greater extent by temperature 

changes (Peng et aI . ,  2003 ; Isc i et aI . ,  2006) .  Therefore ,  if an aroma compound in  

an aqueous solution has a h igher acti vation energy than water, a higher feed 

temperature wi l l  give better aroma recovery (Lipnizki et aI . ,  2002). Usual l y  in the 

pervaporat ion of volat i le  compounds from aqueous solutions, the selecti v i ty 

decreases with temperature, as was found for model solutions of blueberry aroma 

compounds (Peng & Liu, 2003) ;  ethy l  butanoate and ethyl hexanoate 

(Sampranpiboon et aI . ,  2000b) ;  ethyl butanoate, ethyl acetate and ethyl propanoate 

(Djebbar et aI . ,  1 998) ;  and dichloroethane (Yeom et aI . ,  1 999). Djebbar et al . 

( 1 998) suggested that the activation energy for water permeation was higher than 
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for ester permeation because water penetrated through the hydrophobic PEBA 

membrane in  clusters rather than as individual molecules. Yeom et al . ( 1 999) 

found that the water flux actual ly decreased at h igher temperatures during 

pervaporation of di-, tri- or tetrachloromethane in water. They also used water 

c lustering to explain this phenomenon. As more chloromethane dissolved in the 

PDMS membrane at h igher temperatures, the membrane became more 

hydrophobic, so that water clustering occurred to a greater ex tent (Yeom et al . ,  

1 999). 

However, select iv i ty may also i ncrease with temperature, as was found by 

Rajagopalan & Cheryan ( 1 995) for an aqueous methyl anthrani late solution, and 

Liang & Ruckenste in  ( 1 996) for an ethanol/water mixture .  Liang & Ruckenstein 

( 1 996) attributed th is to a lower amount of hydrogen bonding occurring between 

ethanol and water at a h igher temperature. Baudot & Marin ( 1 996) reported that 

for a water-diacetyl binary mixture, the select iv ity of a PDMS 1 070 membrane 

was s l ightly better at 50°C than 30°C, whereas the selecti v ity of a PEBA 40 

membrane was not affected by temperature. Rajagopalan et al . ( 1 994) also 

observed that the select iv i ty of a diacetyl-water solution increased with 

temperature. 

Isci et  al. (2006) studied the recovery of methyl butanoate from an aqueous 

solution using pervaporat ion.  As methyl butanoate had a h igher activation energy 

than water, the select ivi ty i ncreased with increasing temperature between 30°C 

and 40°C. However, the select iv ity decreased with increasing temperature 

between 40°C and 50°C. Their explanation was that there was more free volume in  

the membrane at  h igher temperatures, so that water clusters could permeate more 

read i ly. 

2 .4.3 .2  Permeate pressure 

The permeate pressure determines the act ivity of  each compound on the permeate 

side of the membrane, thereby contro l l ing the dri v ing force (Boddeker, 1 990; Ten 

& Field, 2000; Lipnizki et al . ,  2002) .  Its effect on pervaporation flux has been 

wel l characterised: a h igher permeate pressure reduces the driv ing force, result ing 

in  a Lower flux (Rajagopalan et al . ,  1 994; Baudot & Marin ,  1 996; Lamer et  al . ,  

1 996; Sampranpiboon et al . ,  2000b) .  Sampranpiboon e t  al . (2000b) increased the 
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downstream pressure from 0.4 to 2 kPa, and found that aroma f1uxes of ethyl 

butanoate and ethyl hexanoate decreased by 28 .5% and 33 . 3% respectively using 

a PDMS membrane, and 27.9% and 45 .8% respect ively using a POMS 

membrane. Rajagopalan et aI . ( 1 994) found that the diacetyl flux,  from a feed of 

200 mg L- ' diacetyl in water, decreased from approximately 0.4 to 0. 1 5  g m-2 h- ' 

when the permeate part ial pressure of diacetyl was increased from 1 . 33  to 5 .33  Pa. 

The total permeate flux of an aqueous methylthiobutanoate solution decreased by 

about 45% and 50% for a PDMS membrane and a PEBA membrane respectively, 

when the permeate pressure was increased from 0.5 to 2 .5 kPa (Baudot & Marin,  

1 996). Lamer et al .  ( 1 996) found that with a downstream pressure increase from 

35 to 700 Pa, the flux of benzaldehyde in an aqueous solution decreased from 1 .7 

to 0.3 g m-2 h- ' . 

When the driv ing force is approx imated by the partial pressure difference across 

the membrane, the flux may be described by the fol lowing equation (Ji et aI . ,  

1 994) : 

(2-8) 

where Ji is the flux of component i, Pi i s  the membrane permeabi l ity to component 

i, l i s  the membrane thickness, P� i s  the saturated vapour pressure of component 

i, ri�I i s  the activity coefficient of component i in  the feed, Xii i s  the mole fraction 

of component i in the feed, and pi.p is the partial pressure of component i on the 

permeate side. 

When the difference in  part ial pressure across the membrane (the term inside the 

brackets) is  smal l ,  the dri ving force approaches zero. Therefore, the permeate 

pressure has a greater impact on the driving force of compounds that have a low 

feed side partial pressure .  As most volat i le organic compounds have high 

saturated vapour pressures and act iv ity constants compared with water, the 

permeate pressure normal ly has a larger effect on the water flux than on organic 

compound f1uxes (Peng et aI . ,  2003). The permeate pressure can therefore 

influence the select ivi ty .  
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As an example, She & Hwang (2004) found that water, benzaldehyde and trans-2-

hexenal fluxes decreased with increasing permeate pressure, but the flux of ethyl 

butanoate remained relat ively constant. Because ethyl butanoate has a high 

saturated vapour pressure and activity coeffic ient, its driving force was only 

negl igibly altered over the small pressure range investigated (0. 1 to 0.6 Pa) . As a 

resul t ,  the enrichment factor of ethyl butanoate was strongly dependent on the 

permeate pressure, with this compound being more h ighly enriched at h igher 

permeate pressures (She & Hwang, 2004).  Baker et al . ( \ 997) obtained s imi lar 

results for trichloroethylene; the water flux was affected to a greater extent than 

the organic flux when the permeate pressure was increased from 5 . 3  to 1 0.7 kPa, 

which meant that the separation factor also increased. 

However, the permeate pressure does not always control the selectivity in this 

way. Baudot et al . ( 1 999) systematical ly  investigated four flavour compounds 

with different characteristics. Pervaporation select i vities for low-boi l ing 

compounds (diacetyl and ethyl acetate) ,  which had high saturated vapour 

pressures, were not affected by the permeate pressure . Conversely,  the flux of 

'Y-decalactone, which has  a very h igh boil ing point ,  decreased hyperbol ical ly  

rather than l i nearly wi th  i ncreasing permeate pressure, which caused i ts separation 

factor to decrease also. Methylthiobutanoate, with a moderatel y  h igh boi l ing 

point ,  displayed an intermediate behav iour: the permeate pressure had e i ther a 

posi ti ve or negative effect on its separation factor, depending on the membrane 

used. 

In industrial processes, the permeate pressure may range from several hundred to 

several thousand Pascal s, which is a much weaker vacuum than can be ach ieved 

on a laboratory scale (Baudot et aI . ,  1 999; Perei ra et aI . ,  2006) . The membrane 

module and permeate side of the pervaporation system should be designed 

careful ly  to enable good control over the permeate pressure, for example by using 

short, large-diameter permeate tubing (Peng et aI . ,  2003 ; Wi l lemsen et aI . ,  2004). 

2 .4 .3 .3  Feed flow rate 

In membrane processes, the feed flow rate determines how easi ly permeants can 

get to the membrane. When the feed l iquid flows through the membrane module,  

friction between the membrane and l iquid causes a gradient in  velocity next to the 
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membrane (Wijmans et al . ,  1 996). For convenience, these flow conditions are 

approximated by assuming that instead of a gradient, there are j ust two dist inct 

velocity regions: the bulk flow region and a stagnant boundary layer next to the 

membrane (Wijmans et al . ,  1 996). The th ickness of this boundary layer depends 

on the feed flow condit ions:  the more turbulent the flow, the thinner the boundary 

layer (She & Hwang, 2004). 

The driving force causes the feed l iquid to flow from the wel l-mixed bulk through 

the stagnant boundary layer towards the membrane. Because one component 

permeates preferential l y, this results in a bui ld-up of the other component close to 

the membrane ( Karl sson & Tragardh, 1 993 ;  Wijmans et al . ,  1 996; Lipnizki et al . ,  

1 999). In flavour pervaporation,  th i s  translates as a layer close to  the membrane 

which is depleted in aroma compounds and enriched in water. This phenomenon 

is termed concentration polarisation. 

The concentration polarisat ion-induced boundary layer presents an extra 

resistance to mass transfer, in  addit ion to the membrane resi stance. If the 

boundary layer is thick and the membrane is  highly permeable, mass transfer 

through the boundary layer may become the rate- l imit ing step in pervaporation, 

rather than ma s transfer through the membrane (resistance to mass transfer on the 

permeate side is  usual ly  considered negl igible) (Huang & Rhim, 1 99 1 ;  J iang et 

al . ,  1 997;  Meuleman et al . ,  1 999; Lipnizki & Tragardh,  200 1 ;  Peng et al . ,  2003) .  

To prevent the boundary layer from l imi ting the flux ,  i t  th ickness should be 

minimised by using a turbulent feed flow. The degree of turbulence can be 

measured by the Reynolds number (Mulder, 1 996): 

pud" Re = --77 (2-9) 

where Re i s  the Reynolds number, p i s  the fluid density, L t  i s  the flow velocity, cl" 

i s  the hydraul ic diameter and 17 i s  the fluid viscosity. A Reynolds number greater 

than about 2000 indicates turbu lent flow (Mulder, 1 996), and Equation (2-9) 

shows that one way to ach ieve this is  with a high flow velocity. To ensure 

turbulent flow, the membrane module must also be wel l  designed ; this wi l l  be 

discussed in Section 2 .4.4. 

49 



Chapter 2 
Concentration polarisation may st i l l  occur even when the Reynolds number is as 

h igh as can practical l y  be ach ieved (Baker et aI . ,  1 997; Schiifer & Crespo, 2007) .  

Therefore, a greater flux is  ach ieved a t  h igher flow rates. Bengtsson et  al . ( 1 993) ,  

working with a very laminar flow regime (Reynolds numbers between 1 .4 and 

5 1 ) , discovered that the flux of butyl butanoate depended on the flow turbulence, 

with the logari thm of the flux l inearly related to the logarithm of the Reynolds 

number. Sampranpiboon et al .  (2000b) also used a laminar feed flow, with 

Reynolds numbers ranging from 1 43 to 1 90. They observed sl ight increases in the 

fluxes of ethyl butanoate and ethyl hexanoate, as the flow rate was increased. 

With Reynolds numbers between 26 and 1 26,  She & Hwang (2004) found that the 

fluxes of ethyl butanoate, benzaldehyde and trans-2-hexenal increased almost 

l inearly with increas ing feed flow rate. 

In flavour pervaporation,  the water flux remams relatively constant with 

increasing flow rate, because concentration polarisation of water occurs to a very 

low extent in di lute solutions (Bengtsson et aI . ,  1 993 ;  She & Hwang, 2004).  

Contrary to these findings, Sampranpiboon et al . (2000b) observed a sl ight 

increase in  the water flux as the feed flow rate was raised from 29.4 to 39 L h- ' . 

They suggested that temperature polarisation may have occurred as wel l  as 

concentration polarisation.  

As the flow rate usual ly  has a greater effect on flavour compound fluxes than on 

the water flux ,  increasing the feed flow rate wi l l  lead to a higher select ivi ty. 

Bengtsson et al .  ( 1 993)  showed that the enrichment factor of butyl butanoate was 

l i nearly dependent on the Reynolds number. S imi larly, Sampranpiboon et al .  

(2000b) found that the separation factors of ethyl butanoate or ethyl hexanoate in  

water increased by 3- 1 4% when the Reynolds number increased from 1 43 to 1 90. 

Shepherd et al. (2002) studied the effect of flow rate on pervaporation of an 

orange j uice by-product consisting of water, ethanol and many aroma compounds. 

With increasing flow rate between 20 and 1 00 L h- ' , the ethanol and total aroma 

enrichment factors remained fairl y  constant,  but when the flow rate was changed 

to 300 L h- ' the total aroma enrichment factor increased, whereas the ethanol 

enrichment factor did not change markedly. Al though Shepherd et al . (2002) did 

not state the Reynolds numbers corresponding to these flow rates, i t  is  possible 

that the change in enrichment factor was caused by the feed flow changing from 
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laminar to turbulent. Th is would agree with the j ump in selecti vity between 

laminar and turbulent flow regimes in a s imu lation by Trifunovi6 et a\ . (2006) .  

She & Hwang (2004) calculated the boundary layer th ickness under different flow 

conditions; a higher flow rate caused a thinner boundary layer. The boundary 

layer thickness was inversely proportional to the enrichment factors of 

benzaldehyde, ethyl butanoate and trans-2-hexenal . 

2.4.4 Influence of module design 

The modu le designs most sui table for pervaporat ion are hollow fibre, spiral 

wound and plate-and-frame configurat ions ( including a plate-and-frame-l ike 

pocket module, avai lable from G KSS-Forschungszentrum), as these can be used 

with a large pressure difference across the membrane (Rautenbach & Albrecht, 

1 989; Lipnizki et aI . ,  1 999; Peng et a\ . ,  2003). Of these, Strathmann & 

Gudernatsch ( 1 99 1 )  recommended a hol low fibre module, with the feed inside the 

fibres, as the best configuration. They based their decis ion on the ease of mass 

transport on the permeate side, the abi l ity to add intermediate heat ing stages and 

the cost per unit  area. However, hol low fibres are not easy to clean (Mulder, 

1 996), which makes them less suitable for pervaporation of most dairy products. 

Industrial pervaporation processes usual ly use plate-and-frame modules (Shao & 

Huang, 2007), although most industrial plants are in the chemical industry rather 

than the dairy industry. Some novel configurations, such as vibrat ing modules and 

monol i thic modules with open flow channels, have been developed to avoid 

fou l ing (Vane, 2005 ). Figure 2- 1 1  i l lustrates some of the avai lable module 

designs. 

The choice of module determines the hydrodynamics of feed and permeate flow 

(Lipnizki et aI . ,  1 999). Concentration polari sat ion is lowest when the flow i s  

turbulent, so  a module that allows a high Reynolds number is  beneficial .  Th is can 

be achieved by designing the feed side of the module to have a large flow path 

hydraul ic diameter, according to Equation (2-9) .  A vibrating membrane module 

has also been investigated as an alternat ive way of increas ing turbulence (Vane & 

Alvarez, 2005) .  Some other ways to minimise the boundary layer resistance are to 

use turbulence promoters, to use a pulsating flow, or to use corrugated membranes 

to break the boundary layer (Mulder, 1 996). 
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Figure 2- 1 1 :  Illustrations of various membrane module configurations: (a) spiral wound, (b) 
monolithic ceramic, (c) vibrating disc stack, (d) hollow fibre, (e) plate and frame. Reproduced 
from Vane (2005) .  

A few studies have shown how mass transfer on the feed side contributes to the 

performance of different module designs. Shepherd et al . (2002) obtained better 

mass transfer with a well -spaced hol low fibre module than with modules without 

spacers. Schafer & Crespo (2007) compared two pervaporation modules, both of 

which used a flat membrane, for pervaporation of alcohols and esters. The radial 

module operated under laminar flow conditions, and the single-channel module 

allowed turbulent flow. The alcohols and ethyl acetate had s imi lar f1uxes in  both 

modules, but the larger esters were influenced by the module type, with higher 

f1uxes being achieved wi th the single-channel module. Therefore, the permeate 

composit ion depended on the module chosen. Trifunovic et al . (2006),  however, 

performed simu lations to show that the feed flow rate had a greater effect on mass 

transfer than the hydraul ic diameter of the module.  

Apart from the feed flow characteristics, the module also influences the driving 

force, by determining the lowest achievable permeate pressure. Without varying 

the membrane area, Trifunovic et  aI ' s  (2006) s imulations showed that i ncreasing 
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the module width and reducing its length caused the feed Reynolds number to 

decrease, but min imised the pressure drop on the permeate side. The net effect 

was an increase in flux when the width-to- Iength ratio was increased. S imi larly, 

increasing the height of the permeate channel reduced the pressure drop, thereby 

increasing the flux .  However, a larger permeate channel meant that less membrane 

area could fit into a given module volume, result ing in a lower product iv ity (flux 

per unit  module volume) (Trifunovic et al . ,  2006). 

In a hol low fibre module, the permeate pressure bui lds up inside the thin fibres 

due to friction, which reduces the driving force for mass transfer (Rautenbach & 

Albrecht, 1 989; Rautenbach et al . ,  1 99 1 ;  Feng & Huang, 1 997) . There can also be 

a temperature drop along the hollow fibre (Fleming & Slater, 1 992b), al though 

this is more important in  hydrophi l ic pervaporat ion, in which elevated 

temperatures are often used, than in pervaporation for aroma recovery, in which 

the temperature must be kept reasonably low to avoid damaging the aroma 

compounds. 

Economic considerations are also important when deciding which module to use. 

The in itial capi tal cost, maintenance costs and space required per unit membrane 

area should al l be taken into account (Mu lder, 1 996; Smitha et al . ,  2004) .  Mulder 

( 1 996) l i sted the common module designs for membrane processes in order 

according to their advantages and disadvantages:  

I .  Tubular 

2. Plate-and-frame 

3 .  Spiral-wound 

4. Capi l lary 

5 .  Hollow fibre 

Those designs at the beginning of the l ist are easier to clean and less l ikely to foul ,  

bu t  are more expensive and require more space for the same membrane area, than 

those at the bottom of the l ist (Mulder, 1 996). The best module design depends on 

which of these attributes are most important in each appl ication. With a dairy

based feed, it must be possible to hygienical ly clean the membrane (Krack, 1 995) .  

In the past, tubular and plate-and-frame modules were the most common 

configurations used for membrane processes in  dairy appl ications (Mulder, 1 996), 

but spiral-wound membranes are now more popular (Walstra et al . ,  2006) .  

53 



Ch apter 2 
2.5 Models to describe pervaporation 

Various models ex i s t  that describe the  mass transfer during pervaporation. These 

include overal l  models describing the whole process, as wel l  as more specific 
models describing each step. The different model types are out l i ned in the 

fol lowing sections; several reviews provide a more detai led discussion ( Karlsson 

& Tragardh, 1 993 ;  Wijmans & Baker, 1 995;  Lipnizki & Tragardh ,  200 I ) . 

2.5. 1 Resistance-in-series model 

The resistance-in-series model is an overal l model for the pervaporation process, 

covering mass transfer on the feed side, through the membrane and on the 

permeate s ide .  This model i s  based on the fi lm theory, which assumes that there is 

a stagnant fi lm  (the boundary layer), which molecules cross by diffusion, adjacent 

to every interface (Cussler, 1 997) .  

There are s ix steps involved in mass transfer dur i ng pervaporation (Beaumelle et 

aI . ,  1 993;  Beaumelle & Marin, 1 994; Meuleman et aI . ,  1 999; J i raratananon et aI . ,  

2002a; Peng e t  aI . ,  2003) :  

• Diffusion from the l iquid bulk to the membrane through the boundary layer 

• Sorption into the membrane 

• Diffusion through the membrane 

• Desorption on the downstream side of the membrane 

• Diffus ion of the vapour through the membrane porous support 

• Diffusion of the vapour to the condenser. 

Each step presents a resi stance to mass transfer, but the membrane and feed s ide 

res istances are the most important ;  resistances from the other steps are usual l y  

neglected (J iang e t  aI . ,  1 997; Vane & Alvarez, 2005), on the assumpt ion that the 

vapour phase presents re latively l it t le resistance to mass transfer. Hence, the most 

common form of the res istance-in-series model is as fol lows (J iang et aI . ,  1 997;  

Sampranpiboon et aI . ,  2000b; Peng et aI . ,  2003 ; She & Hwang, 2004) :  

I I 1 
- = - + -
k"v kb' km (2- 1 0) 
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where kol' i s  the overal l mass transfer coefficient, kbJ i s  the boundary layer mass 

transfer coefficient, and kill is the membrane ma s tran fer coefficient. The 

membrane mass transfer coefficient is a function of the permeabi l i ty P ( including 

sorpt ion i nto and diffusion through the membrane) and the act ive layer thickness l 

(Baudot et aI . ,  1 999): 

km 

P 

l 
(2- 1 1 )  

The relati ve importance of each mass transfer resi stance depends on the system in  

question. Usual ly  only the boundary layer and membrane act ive l ayer resistances 

are considered, but the resistance in the porous support layer can also be 

significant (Trifunovic & Tragardh ,  2005) .  

The mass transfer coefficient for each step is  the proportional ity constant between 

the flux and the driv ing force for that step. The fol lowing set of equations shows 

each mass transfer step, if  the dri ving force is  defined as the difference 10 

permeant volume fraction across each region (Meu leman et aI . ,  1 999) :  

Feed side: 

Interface between feed and membrane:  

Membrane:  

Interface between membrane and permeate: 

Permeate side: 

J = k h, (<I> J - <I> fi ) I I ,  I ,  1 . 111 

<I> � J' S = _'_" _" 
; . ./ill 

<I> i ,jin 

<I> �  S . = � " pm <l> . 
I .  pm 

(2- 12 )  

(2- 13) 

( 2- 1 4) 

(2- 1 5 )  

(2- 16) 

where Ji i s  the flux of compound i, ki,bJ is the mass transfer coefficient across the 

boundary layer, <l>i,[ i s  the volume fraction of i in  the feed, <l>iJiI/ is the volume 

fraction of i at the feed-membrane interface (in the feed) SiJIII is the partit ion 

coefficient of i between the feed and the membrane, <I>;.Jill is the volume fraction 

of i at the feed-membrane interface (in the membrane), ki,1/I i s  the mass transfer 

coefficient in the membrane, <1>' is the volume fraction of i at the permeate-I , pm 
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membrane interface ( in  the membrane), S;,PIIl is the parti t ion coefficient of i 

between the membrane and the permeate, <I>;,PIIl is the volume fraction of i at the 

permeate-membrane interface (in the permeate), k;,p is the mass transfer 

coefficient across the downstream boundary layer, and <I>;,p i s  the volume fraction 

of i in  the permeate. 

Combining and simpl i fying the above equations leads to: 

( 2- 1 7) 

(Shepherd et aI . ,  2002 ; Peng et aI . ,  2003) ,  or simply: 

( 2- 1 8) 

if the permeate pressure I S  low enough that k;,p and <I>;,p can be considered 

negl igible (Meuleman et aI . ,  1 999; Sampranpiboon et aI . ,  2000b) ,  

The same principle can be  used with different units for the driving force, such as 

part ial pressure (Equation (2- 1 9» or act ivi ty (Equation (2-20» (Baudot et aI . ,  

1 999; J iraratananon e t  aI . ,  2002b; Trifunovi6 & Tragtudh, 2006) :  

(2- 1 9) 

(2-20) 

The magnitude and units of the mass transfer coefficient depend on the un i ts 

chosen for the driv ing force, so that k;,ov and k;,ov have a sl ightly different 

meaning between Equations (2- 1 7) ,  (2- 1 9) and (2-20), 

J i  et al . ( 1 994) used the resi stance- in-series model to describe mult icomponent 

pervaporation,  and found that this model provided a good description of the 

pervaporation process. An advantage of the resistance- in-series model is  that the 

membrane and boundary layer resistances can be evaluated separately, enabl ing 

the permeab i l i ty of different membranes to be compared regardless of feed 

conditions (J i  et aI . ,  1 994) .  Models  to describe transport through the feed s ide 

boundary layer and through the membrane wi l l  be outl i ned in the fol lowing 

sections. 
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Resistance to mass transfer on the feed side (the fir t step of the resistance-in

series model )  results from the stagnant boundary layer described in  Section 

2 .4 .3 .3 .  The boundary layer mass transfer coeffic ient (kbl) can be estimated using 

empirical correlations; the mass transfer coefficient i s  a function of the Sherwood 

dimension less number, which is i tself a function of the Reynolds and Schmidt 

numbers ( Beaumelle et al . ,  1 993) .  Different empirical correlations have been 

proposed for di fferent si tuat ions, but for cross-flow pervaporat ion these are 

general ly  of the form in  Equation (2-2 1 )  to (2-23 ) (Beaumelle et al . ,  1 993 ;  

Karlsson & Triigardh, 1 993;  Mulder, 1 996; J iang et a l . ,  1 997;  Lipnizki et al . ,  

1 999; Lipnizki e t  al . ,  2002):  

Sh = 

k",d" 
Dj 

where : 

Sh = aRe" Sec (�:d 
Le 

Se = ...!L. 
pDj 

(2-2 1 )  

(2-22) 

(2-23) 

I n  which Sh is the Sherwood number, d" is the hydraul ic diameter of the 

membrane cel l ,  Di is the diffusivi ty in the boundary layer, Re is the Reynolds 

number (defined in Equat ion ( 2-9)) ,  Se is the Schmidt number, Le i s  the length of 

the membrane cel l ,  77 i s  the viscosity of the feed l iquid,  and p is the density of the 

feed l iquid .  a, h, e and d are empirical constants which depend on the flow regime 

(whether laminar or turbulent) and on the geometry of the membrane module 

(Karl sson & Triigardh ,  1 993 ;  Mulder, 1 996). The diffus iv i ty in the boundary layer 

can be est imated with the Wilke-Chang equation (Peng et al . ,  2003) :  

D - 7 4 x 1 0
-8 

( 2
.
6M II. ) 05 T j 

- • 77VO.6 (2-24) 

where Mw is the molecu lar weight of water, T is the absolute temperature, 77 is the 

viscosity of the feed solut ion, and Vi is the molar volume of the permeat ing 

57 



Chapte r 2 
species. The constant 2 .6  only appl ies when water is the solvent (Peng et aI . ,  

2003) .  

The above model assumes that transport through the boundary layer is  solely 

caused by diffusion rather than convection (Wijmans et  aI . ,  1 996). Al though 

diffusion i s  the main transport mechanism (Karlsson & Tragardh, 1 993 ;  Baker et 

aI . ,  1 997), some models  do not neglect convection. The Peelet number i s  the rati o  

of  convective t o  diffusive transport i n  the boundary layer ( Karlsson & Tragardh, 

1 993 ;  Wijmans et aI . ,  1 996; Baker et aI . ,  1 997) :  

is u 
Pe = - = -' (2·25) 

D kb' 

where S is the boundary layer th ickness and U; is the permeant velocity. If 

convective as well as diffusive flow is considered, the concentration polarisat ion 

equation is  used instead (Matsuura, 1 994; Tyagi et aI . ,  1 995) :  

wh ich i s  equivalent to the fol lowing (Wij mans e t  aI . ,  1 996): 

I 

71
- 1  ( £l J 1nl = exp _, 

� _ I 
k", 

f3 

(2·26) 

(2·27) 

where fint is the intrinsic enrichment factor in the absence of a boundary layer 

(equal to x;,pfX;,jtll) ' Because i i = £l iP mult ipl ied by the extent of concentrat ion 

polarisat ion, the flux equation becomes after rearranging (Wijmans et aI . ,  1 996;  

J iraratananon et a I . ,  2002a): 

(2·28) 

Some authors have found the effect of concentration polarisation to be negl igible 

(J iraratananon et aI . ,  2002a), but others argue that i t  has a large effect and may be 
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the dominant resistance to mass transfer in pervaporation (Bengtsson et al . ,  1 993 ; 

Wijmans et al . ,  1 996; Baker et al . ,  1 997 ;  l iang et al . ,  1 997).  Lipnizki et al . ( 1 999) 

stated that concentration polarisation i s  important when the separat ion factor is 

large, or if there is l i ttle or no flow turbulence in conjunction with a high flux .  

According to  Beaumelle & Marin ( 1 994) ,  mass transfer res istance on the  feed side 

of the membrane becomes important at feed concentrations of less than 1 % . 

2.5.3 Mass transfer in the membrane 

Mass transfer inside the membrane may be described ei ther by a structure-related 

model such as the solution-diffusion model or pore flow model ,  or a non

structure-related ( 'black box ' )  model such as the thermodynamics of irreversible 

processes (Mulder, 1 996). Both approaches wil l  be described below. 

2 .5 .3 . 1 Solution-diffusion model 

The model most frequently used to describe the pervaporat ion process is  the 

solution-diffusion model .  As wel l  as for pervaporat ion, the solution-diffusion 

model i s  general ly  accepted for describing transport in other membrane processes 

that use non-porous membranes, such as reverse osmosis, gas separat ion, dialysis 

and vapour permeation (Rautenbach & Albrecht, 1 985;  Bhattacharyya & 
Wil l iams, 1 992;  Kessler & Klein, 1 992;  Zolandz & Fleming, 1 992;  Wijmans & 
Baker, 1 995 ;  Ghoreyshi et al . ,  2004; Wijmans, 2004). 

The solution-diffusion model was first adapted for pervaporat ion by B inning et al . 

( 1 96 1 ) , who described the process as a series of three steps: 

• Sorption into the membrane 

• Diffusion through the membrane 

• Desorpt ion and vapori sation on the permeate side of the membrane. 

Sorption and desorpt ion are based on thermodynamics, whereas diffusion is based 

on kinetics (Sh ieh & Huang, 1 998b). A number of models exist  that describe each 

of the first two steps, which wi l l  be d iscussed in the fol lowing sections. Usual ly  

the last step is  considered to present a negl igible resistance to  mass transfer, if  the 

permeate pressure is  reasonably low (Huang & Rhim, 1 99 1 ;  Meuleman et al . ,  

1 999; Lipnizki & Tragardh, 200 I ) . Therefore, the membrane permeabi l ity for 
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each compound (Pi) is a function of the sorption coeffic ient (S;) and the diffusion 

coeffic ient (Di) (Enneking et aI . ,  1 996) : 

(2-29) 

The permeabi l ity is  related to the membrane mass transfer coeffic ient through 

Equation (2- 1 1 ) . 

The flux at any point in the membrane is a function of the concentration at that 

point (Ci), the diffusion coefficient (Di) and the chemical potential driv ing force ( d�i ) (Baudot et aI . ,  1 999; Lipnizki et aI . ,  1 999) :  

J = 
- ci (l) Di (l) d f.1i 

, 

R T  d !  
(2-30) 

The advantage of using a chemical potential driving force is that separate 

model l ing of sorpt ion is unnecessary, because thermodynamic equ i l ibrium can be 

assumed at the membrane interface ( Lipnizki et aI . ,  1 999). Al l  driv ing forces can 

be reduced to a gradient in chemical potential , using the fol lowing relationship 

(Wijmans & Baker, 1 995) :  

(2-3 1 )  

where I'i i s  the chemical potential, y, i s  the act ivity coefficient, Ci i s  the molar 

concentration and Vi is the molar volume. The solution-diffusion model assumes 

that the gradient in  chemical potential is  expressed solely as an activ i ty gradient, 

d I n(Yici ) '  so that the second term on the right hand s ide of the equation is  

e l iminated (Wij mans & Baker, 1 995 ).  

Combin ing Equation (2-30) with f.1i = f.1iO + RT In  ai gives the fol lowing equations 

(Baudot et aI . ,  1 999; Lipnizki et aI . ,  1 999): 

dOn ai ) 
J = c D ---, " 

d !  

c D  d a  
J = -'-' --' , 

ai d !  

(2-32) 

(2-33) 
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As the sorption coefficient is the ratio  of the concentration in the membrane (c;) 

and the act ivi ty (a;) (Baudot et aI . ,  1 999) :  

( 2-34) 

Equation (2-33) can be rewritten as the fol lowing (Baudot et aI . ,  1 999; Lipnizki et 

aI . ,  1 999): 

J = D S d a ; 
I I I 

d l 

P 
J = ---2... (a j. - a ) 
' l l . I . p  

(2-35) 

(2-36) 

where a;.f is the acti vity of component i on the feed side and a;,p is its activity on 

the permeate side, Activity can be described as an effect ive concentration, 

accounting for non-ideal ity, and is  gi ven by the product of each component ' s  

mole fraction and act iv i ty coefficient (Lee, 1 999), 

The two contributors to permeabi l i ty, the sorption coefficient and the diffusion 

coefficient, are not independent (Huang & Rhim, 1 99 1 ) . A high solubi l ity causes 

a high degree of membrane swel l ing,  thus enabl ing easier rotat ion about the 

polymer axis and greater free volume, so that di ffusivity is  enhanced (Huang & 
Rhim, 1 99 1 ) . Also, molecules diffuse more readi ly through a membrane 

containing a large proportion of l iquid,  rather than through a solid membrane 

( Huang & Rhim, 1 99 1 ) . However, other researchers found that compounds with 

h igher d iffusion coefficients seemed to have lower sorpt ion coefficients (Lamer et 

aI . ,  1 994; Souchon et aI . ,  1 996, 2002). These findings are backed up by Hall 

( 1 989), who suggested that organic vapours with high solubi l it ies in  a polymer 

may diffuse slowly because they tend to be large molecules and also may interact 

with the polymer, which is what caused them to be highly soluble. Huang & 
Rhim ' s  ( 1 99 1 )  theory probably only appl ies if the permeant concentration ins ide 

the membrane is high,  causing significant swe l l ing, as opposed to pervaporat ion 

of d i lute flavour compounds. 
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As an alternat ive to combining the sorption coefficient and the diffusion 

coeffic ient in to a s ingle permeabi l i ty term, the two can be model led separatel y  as 

fol lows. 

Models for sorption 

Sorption model s  aim to calculate the concentration or act ivity of a permeant just 

inside the membrane on the feed s ide, based on its concentration or act iv i ty in  the 

feed solution . In other words, the aim is to model the curve in Figure 2- 1 2 . If  the 

act iv ity coefficient is c lose to one throughout the entire concentration range (that 

is ,  i f  the activ ity of each component is s imi lar to its mole fraction), the solution 

will behave s imi larly to an ideal solution which obeys Raoul t ' s  law (Boddeker, 

1 990). Raoult ' s  law states that for ideal solutions, the vapour pressure of a 

particular component in  solution is equal to the vapour pressure of that component 

as a pure l iquid, multipl ied by its mole fraction in  the solution (Lee, 1 999). For 

systems that obey Raoult ' s  law, the concentration of each permeant in the 

membrane (at the feed side) is direct ly proportional to its concentration in the feed 

(Figure 2- 1 2 ) .  However, pervaporat ion membranes frequent ly deviate from this 

behaviour (Huang & Rhim, 1 99 1 ;  Heintz & Stephan , 1 994) . 
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Figure 2- 12 :  Types of sorption isotherm encountered in pervaporation ( adapted from 
Boddeker, 1 990). 

62 



Literature review 

As a result ,  some complex models have been proposed to describe the sorption of 

permeants into membrane polymers. The two sorption model s  commonly ci ted are 

the Flory-Huggins model and the universal quasi-chemical (UNIQUAC) model .  

Derivations of these models are given by Flory ( 1 953 )  and Abrams & Prausnitz 

( 1 975)  respect ively .  Both models gi ve the act iv i ty of each component as a 

function of the mixture composition (volume fractions and/or weight fractions) ,  

where the membrane polymer is  viewed as being mixed with the permeants. 

The fol lowing equation is the Flory-Huggins model in  the form used by Favre et 

al . ( J  993) :  

( V J ( V J ( V J I n a = In <f>  + I -<f> - _s - _s + <f> + <f>  -
_

s <f> <f> .. .. ( .. ) V 
<f> " V <f> III + [ (X .. " <f> " X .. III III )( <f> " Ill ) ]  X"III V ". III 

h m 1\ 

(2-37) 

where a i s  act ivi ty, <I> i s  volume fraction, V i s  molar volume, X i s  the Flory

Huggins interaction parameter, and the subscripts s, In and w stand for solvent, 

membrane polymer and water respectively. 

Heintz & Stephan ( 1 994) used the UN IQUAC equations I n  the form below to 

predict the solubi l i ty coefficient of mixture component i in  a membrane : 

III III e*. r . .  
* * I * I 

J IJ + q . - (.7 I n  e 1"  - (.7 ' . / I ) I) I III 
j=1 j=1 " e* � k 1"kj 

where :  

<1> . 
= 

wi / Pi 
I 11 

I Wj / Pj 
j=1 

k=1 

(2-38) 

1 1  

L 0; rkj 
k=1 

(2-39) 

( 2-40) 

(2-4 1 )  

63 



Chapte r 2 

(2-42) 

(2-43) 

(2-44) 

In the above set of equations, a is the act iv i ty in the feed, a ' is the act iv ity in the 

membrane, w i s  the weight fraction, <I> i s  the volume fraction, z i s  the UNIQUAC 

coordination number (assumed equal to 1 0) ,  q i s  a d imensionless surface 

parameter, q * i s  a modified surface parameter for molecules that form hydrogen 

bonds, E>i is the surface fraction of component i in the mixture, r is a 

dimension less volume parameter, and -r is a binary interaction parameter. 

Subscripts i, j and k refer to feed components, and m refers to the membrane 

material . 

The large number of unknown parameters in  the Flory-Huggins and UNIQUAC 

models  makes them difficult  to use practical ly .  These model s  can be fitted to 

experimental results, but the interaction parameters must be determined 

experimental l y  (Favre et aI . ,  1 993 ; Heintz & Stephan, 1 994). 

Fortunately, in the pervaporation of flavour compounds, the s i tuation is  much less 

complex because these compounds are typical ly  present at low concentrations in 

the feed stream. The sorption isotherm can therefore be approximated by a 

straight l i ne, as shown by the boxed region in  Figure 2- 1 2  (page 62) .  Several 

studies have confirmed the val idity of this approximation for esters and alcohol s, 

at concentrations up to 1 20 ppm (Trifunovi6 & Tragardh, 2003) ,  900 ppm 

(J iraratananon et aI . ,  2002b), and 1 .2 kg m-3 (Lamer et aI . ,  1 994) .  When this 

approximation i s  val id, the activ i ty i n  the membrane is d irect ly proportional to the 

feed concentration. 
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Models for diffusion 

Fick ' s  law is commonly used to model diffusion through the membrane. In this 

model ,  the flux is  proport ional to the concentration gradient in the membrane 

(Borjesson et aI . ,  1 996; Mulder, 1 996): 

J = -D d c; 
t t d l  ( 2-45) 

where Ji i s  the flux,  Di is  the diffusion coefficient, Ci i s  the concentration in  the 

membrane and I i s  the posit ion in the membrane. The diffusion coefficient 

depends on both concentration and temperature ( Karlsson & Tragardh, 1 993 ) .  

S ince there is  both a temperature gradient and a concentration gradient across the 

membrane (Feng & Huang, 1 997), the diffusion coefficient may not remain 

constant across the membrane. Its dependence on the concentration has been 

model led in di fferent ways by different authors (Fleming & Slater, 1 992a; 

Lipnizki & Tragardh, 200 I ) , but is usual ly  expressed by: 

(2-46) 

where D;= 
is the diffusion coefficient at infin i te di lut ion, and B is a plasticising 

coeffic ient (Mulder, 1 99 1 ;  Karlsson & Tragardh, 1 993 ; Mulder, 1 996). However, 

Rautenbach & Albrecht ( 1 985) found that the diffusion coeffic ient was adequately  

described using: 

where Wi,/Il is the mass fraction of component i in the membrane. 

(2-47) 

In some cases, calculations can be s impl ified by assuming that the diffusion 

coefficient does not change with the concentrat ion. Meuleman et al . ( 1 999) found 

less than I % difference between concentration-dependent and concentration

independent diffusion coefficients. 

An Arrhenius relationsh ip is  used to describe the influence of temperature on 

diffusivity (Karlsson & Tragardh, 1 993 ) :  

= = ( E : 
D = D exp _ _  

1I 
t 1 .0  

RT ( 2-48) 
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where Di�o is a pre-exponential factor, Ea is the activation energy, R is the gas 

constant and T i s  the absolute temperature . 

Fick' s  law does not usual l y  account for flow coupl ing, but it can be al tered to 

i nc lude coupl ing by either modifying the diffusion coefficient or by modifying the 

whole flux equation, so that the flux is equal to [ flux excluding coupl ing ] plus 

[ flux due to coupl ing ]  (Karlsson & Tragardh, 1 993 ; Meuleman et aI . ,  1 999) .  

Another diffusion model sometimes used is the Maxwel l -Stefan equation (B itter, 

1 99 1 ;  Karlsson & Tragardh, 1 993 ;  Lipnizki & Tragardh, 200 I ;  Ghoreyshi et aI . ,  

2004). Thi s  model is  based on  the assumption that during steady-state flow, the 

driving force exerted on a species (in terms of a gradient in chemical potential ) is 

balanced by frictional forces exerted on that spec ies by other components present 

in the mixture .  If fij is the force exerted on a molecule i by a molecule j, then :  

(2-49) 

where Ui and u) are the velocit ies of each species (B itter, 1 99 1 ) . Then the average 

force exerted on molecule i by al l other components i n  a mixture with s 

components, each compri sing y molecules, is given by the total force on al l  

molecules divided by the total number of molecules (B i tter, 1 99 1 ) : 

j=1 
which s impl i fies to the fol lowing (B itter, 1 99 1 ) : 

,\ RT f,av = -grad Ili = L,,_, D .. x j (u i,av - U j,av ) 
- IJ 

and rearranges to: 

grad lli 
ci = t xJj - XJi 

RT j=1 Dij 
j*i 
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where Dij is the binary Maxwell-Stefan diffusiv ity (not the same as the Fick 

diffusiv i ty), J; i s  the molar mass transfer of component i, and X; i s  the mole 

fraction of component i (B i tter, 1 99 1 ) . 

This model assumes that the interact ion between molecules i and j is independent 

of the presence of other molecules, which is  not val id  for l iqu ids (B itter, 1 99 1 ) . 

Therefore, B i tter ( 1 99 1 )  modified the equation by introducing a friction 

coeffic ient based on the shape factor 0; and v iscosity 77111 :  

* RT 
al,,,, = �  

1111 
(2-53) 

where *D;III i s  the coeffic ient of self-diffusion of i in the mixture. The modified 

Maxwel l-Stefan equation is then written as fol lows (B itter, 1 99 1 ) : 

(2-54) 

This reduces to the thermodynamic model given by Equation (2-30) (B itter, 

1 99 1 ) . 

Using Fick ' s  law or thermodynamic diffusion equations, b inary diffusivity or 

binary phenomenological coefficients cannot eas i ly  be related to the same 

parameters in a mult icomponent mixture (Ghoreyshi et aI . ,  2004), which makes 

mult icomponent mode l l ing difficult .  In contrast, Maxwell-Stefan diffusivit ies 

obtained using binary data can be used to model multicomponent systems 

(Ghoreyshi et aI . ,  2004). Also, Maxwel l -Stefan diffusivi ties have a physical 

meaning (related to frictional forces between molecules), unl ike Fick diffusivit ies 

or phenomenological coefficients which relate the flux to the driv ing force 

(Ghoreyshi et aI . ,  2004). However, Matsuura ( 1 994) stated that phenomenological 

coefficients (L;;) do have a physical mean ing: 

(2-55) 

where C;.III is the concentration of component i in the membrane, and i;.1Il is the 

friction between the permeant and the membrane. 
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2 .5 .3 .2  Pore flow model 

The pore flow model for membrane processes is based on the assumption that 

separation is  achieved due to fi l tration through pores in the membrane (Wijmans 

& Baker, 1 995) .  The model assumes that the fol lowing three steps take place 

during pervaporat ion (Okada & Matsuura, 1 99 1 ;  Feng & Huang, 1 997) :  

• Liquid is  transported from the pore in let to the vapour- l iquid phase 

boundary 

• Evaporation takes place at the phase boundary 

• Vapour is transported from the phase boundary to the pore outlet. 

Okada & Matsuura ( 1 99 1 )  assumed that the separation would take place in the 

vapour phase within the pore. 

In contrast to the solution-diffusion model ,  the pore flow model assumes that 

concentration is constant across the membrane and a pressure gradient exists 

instead. In Equation (2-3 1 ), the first term on the right hand side is now e l iminated 

instead of the second term . Therefore, Darcy' s law (Equation (2-56» is used 

instead of Fick ' s  law (Wij mans & B aker, 1 995) :  

_ 
ko J - -,- ( pi;1I - PplIl ) (2-56) 

where kD is the Darcy ' s  law coefficient, , is  the membrane thickness, Pfm i s  the 

pressure at the feed-membrane interface, and Ppm i s  the pressure at the permeate

membrane i nterface .  

The membrane is  not  necessari l y  porous 111 the sense that an ul trafi l tration 

membrane is ,  for example, but the pores represent void spaces which may not be 

much larger than the permeating molecu les (Okada & Matsuura, 1 992 ;  Shieh & 

Huang, 1 998a). For the model to work, the pores must be so small that most of the 

vapour molecules flowing through adsorb to the pore wall (Okada & Matsuura, 

1 99 1 ,  1 992) .  Pervaporation membranes general ly  have angstrom sized pores 

(Feng & Huang, 1 997) .  

Because of the assumption that the pressure i s  not  constant across the membrane, 

the pore flow model predicts that inside the membrane there are two layers: a 

swollen upstream layer in  which the permeants are l iquid,  and a downstream layer 
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in which the permeate is  in the vapour phase (Okada & Matsuura, 1 99 1 ;  Tyagi et 

aI . ,  1 995 ; Feng & Huang, 1 997;  Val l ieres et aI . ,  200 I ) . This assu mption of two 

l ayers was also used by B i nn ing et al . ( 1 96 1 )  for the solution-d iffusion model .  

Tyagi e t  al . ( 1 995) presented a theoretical method of  calculat ing the  posi t ion of  

the phase boundary wi th in  the membrane . Darcy' law appl ies to l iqu id flow 

through the upstream l ayer of the membrane, and a surface-flow mechanism is  

used to describe vapour flow through the downstream membrane layer (Val l i eres 

et aI . ,  200 I ) . This  means that increas ing the downstream pressure causes the flux 

to level  off, rather than reaching zero when the downstream pressure i s  equal  to 

the saturated vapour pressure of the permeate (Val l i eres et aI . ,  200 1 ) . Therefore, a 

dec is ion on whether the pore flow model or the solut ion-diffusion model is more 

correct could be based on fl u x  behav iour observed with i ncreasing downstream 

pressure ( Vall ieres et aI . ,  200 1 ) . However, Val l ieres et al . (200 1 )  showed that the 

pore fl ow fl u x  pattern could equal ly  be achi eved wi th the solution-diffusion 

model ,  once air leaks i n  the system are taken i n to account.  

The pore flow model is  not widely used in pervaporation studies.  Wijmans & 

B aker ( 1 995) showed that the solution-diffus ion mode l ,  i n  which free volume 

appears and di sappears rather than havi n g' fi xed pores, g i ves a better descript ion 

of pervaporat ion than the pore flow model ( wh ich is better suited to processes 

such as ultrafi l trat ion ) .  

2 .5 . 3 . 3  Thermodynamics of irrevers ible processes 

Unl i ke the solution-diffus ion model ,  mode ls based on the thermodynamics of 

i rreversible processes do not require any knowledge of what happens ins ide the 

membrane ( B itter, 1 99 1 ;  Mulder, 1 996; Mol i na et aI . ,  1 997). The membrane is  

considered to be a 'b lack box ' ,  and the fl ux through th i s  b lack box is  proport ional 

to the dri v i ng force from one side of the box to the other. The proport ional i ty 

constant between the fl ux and the dri v ing force is  not g i ven any physical meaning, 

but i s  regarded s i mply as a phenomenological coeffic ient that quantifies the mass 

transfer. 

The major advantage of this  approach is the abi l ity to describe coupl ing 

i nteractions between permeants.  Mol ina et  al . ( 1 997) descri bed the fl u x  as bei ng 
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regu lated by the self-driving force of permeants as well as by the coupl ing effects 

between separate permeants and between permeants and the membrane: 

L. > , L. , 
I 

L»; , ] = _11 grad(-II ) + � grad(- II ) + - grad(-II ) 
' T  ,..." T ,..., '" > > T ,..., ) F t ,  

(2-57) 

where L i s  a local phenomenological coefficient, i and j are the permeants, and m 

refers to the membrane material (Mol ina et al . ,  1 997) .  

2.6 Literature review conclusions 

Pervaporation is a useful technique for aroma recovery, because i t  can be carried 

out at low temperatures so that aroma compounds are not thermal ly  damaged. It  i s  

also more selective than some other techniques, and produces a h ighly 

concentrated extract because only volati le compounds can pass through the 

membrane. Therefore, pervaporation may be a good method for concentrati ng and 

fractionating flavour compounds from dairy streams. 

Many models have been proposed to explain pervaporation, but there i s  not yet 

complete understanding of the processes occurring in the membrane. Model s in  

the current  l i terature are main ly descriptive rather than predictive: none of the 

current models can predict pervaporat ion results without needing experimental 

data on the system in quest ion. The two main models used to describe 

pervaporation are the solution-diffusion model and the pore flow model ; of these, 

the solution-diffusion model is more widel y accepted. 

PDMS is the membrane type most often used for organoph i l ic pervaporation. This 

membrane allows h igh f1uxes, but is not as selective as some other membrane 

types. Therefore, for a feed stream contain ing many di fferent flavour compounds, 

PDMS is  a good choice for concentrat ing the total volat i le fraction wi thout 

al tering the flavour too much, but more selective membranes would potent ial ly  be 

useful for fractionati ng the feed into two or more streams with different flavours. 

The influence of operat ing conditions (feed temperature, permeate pressure and 

feed flow rate) on pervaporation f1uxes is  fairly wel l defined. In general, the 

highest f1 uxes can be ach ieved with a high feed temperature, a low permeate 

pressure, and a high feed flow rate. However, different compounds are affected by 

70 



Literature review 

operat ing conditions in different ways, making it  i mpossible to q uantitat i vely 

predict the fl ux or enrichment of a part icular compound without the need for 

experiments. This means that, before any new work can take place, the effect of 

operating conditions on the permeants in question, using the pervaporat ion system 

i n  question, must be determ i ned. 

More research is required on how volat i le  and non-volati le components of the 

feed m i xture affect pervaporation.  This is an i mportant considerat ion in moving 

from s imple model feed sol utions to complex dairy products. The current study 

aims to c larify how dairy components affect pervaporat ion of fl avour compounds. 

7 1  



Chapter 3 

General methods 

3.1  Feed solutions 

Feed solutions for each pervaporat ion experiment were made by dissolving the 

appropriate flavour compounds in disti l led water. A fresh 5 L batch of model feed 

solution was used for each pervaporation experiment. Each batch of feed solution 

was checked by analysing a retentate sample taken at the beginning of each 

pervaporation experiment. 

3. 1 . 1  Standard multicomponent feed 

An aqueous model solution, containing n ine flavour compounds at the 

concentrations l i sted in Table 3- 1 ,  was used for experiments to compare various 

operating conditions, and as a basis for comparison with different feed solut ions. 

The standard mUlt icomponent feed was based on the volat i le composition of two 

dairy process streams (ester cream and a confidential process stream), which were 

in i t ial ly identified by Fonterra as candidates for pervaporation. Flavour 

compounds were added on a volumetric basis, and their densities were used to 

calculate the mass concentrat ions in  Table 3- 1 .  S igma-Aldrich, Aldrich, S igma 

Table 3- 1 :  Composition of the standard muiticomponent feed solution. 

Compound Molecular Feed concentration 

Acids: 
Acetic acid 
Butanoic acid 
Hexanoic acid 
Octanoic acid 

Esters : 
Ethyl butanoate 
Ethyl hexanoate 
Ethyl octanoate 

Ketones: 
2-Heptanone 
2-Nonanone 

weight (g mol-I ) ( mg L - I ) 

60 1 05 
88 1 07 
1 1 6 1 1 1  
1 44 1 05 

1 1 6 1 0 1  
1 44 1 00 
1 72 1 0.4 

1 1 4 9 .8  
1 42 9 .8  
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and Fluka brand chemicals were all suppl ied by Sigma-Aldrich Co. (St Louis ,  

MO, USA) .  Al l  chemicals had purities greater than 98%. 

3. 1 .2 Model feed solutions with additional flavour compounds 

For experiments that i ncluded extra volat i le  components, feed solutions had the 

same composition as the standard multicomponent feed (Table 3- 1 ), plus one of 

the fol lowing addit ions: 

• 1 1 4 mg L- 1 propanoic acid (Sigma-Aldrich) ,  1 08 mg L- 1 pentanoic acid 

(SigmaUltra) and 1 06 mg L- 1 heptanoic acid (S igma) 

• 1 0 .3 mg L - I ethyl decanoate (Aldrich) 

These chemical s were obtained from S igma-Aldrich Co. (St Louis, MO, USA),  

and had purities greater than 97%. 

3. 1 .3 Model feed solutions with different volatile compositions 

For experiments to evaluate the effect of ethanol, the feed solut ion had the same 

composi t ion as the standard mult icomponent feed (Table 3- 1 ) , except that ethanol 

(Anchor Ethanol Ltd, Reporoa, New Zealand; 99.88% pure )  was added to give 

5 %  (v/v) ethanol in  the final solution. 

For experiments to evaluate coupl ing effects between d ifferent compounds, feed 

solutions contained between one and nine of the compounds in Table 3- 1 .  The 

standard mu] ticomponent feed was used as a control .  The fol lowing feed solutions 

were made with each compound at the same concentrat ion as in Table 3- 1 un less 

otherwise indicated: 

• 2-Heptanone only 

• 2-Nonanone only 

• Ethyl butanoate only 

• Ethyl hexanoate only 

• Ethyl octanoate only 

• Acetic acid only 

• Butanoic acid only 

• Hexanoic acid only 

• Octanoic acid only 
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• Ethyl butanoate and 2-nonanone 

• Ethyl butanoate and 1 0.5  mg L - I  acetic acid 

• Ethyl butanoate and 1 05 mg L- 1 acetic acid  

• Ethyl butanoate and 2 1 0  mg L - I  acetic acid  

• Ethyl butanoate and ethyl octanoate 

• 2-Heptanone and 2-nonanone 

• Ketones and acids: 2-heptanone, 2-nonanone, acetic acid,  butanoic ac id, 

hexanoic acid, octanoic acid 

• Ketones and esters: 2-heptanone, 2-nonanone, ethyl butanoate, ethyl 

hexanoate, ethyl octanoate 

• Multicomponent except ethyl butanoate: 2-heptanone, 2-nonanone, ethyl 

hexanoate, ethyl octanoate, acetic ac id, butanoic acid ,  hexanoic ac id,  

octanoic acid 

I n  addit ion, the standard mUlticomponent feed, and the first n ine feed solutions 

l i sted above, were also tested with each compound at 50% of the concentration 

shown in Table 3- \ .  

3. 1 .4 Model feed mixtures containing non-volatile dairy ingredients 

Experiments were carried out with non-volat i le  dairy ingredients added to the feed 

solut ion, i ncluding cream (Anchor brand, Fonterra Co-operat ive Group Ltd, 

Auckland), mi lk  protein isolate (specification 066490 I 009740, Fonterra, New 

Zealand) and lactose (edible grade from Fonterra, New Zealand; extra pure grade 

from Scharlau, Barcelona, Spain) .  Table 3-2 gives the composition of each dairy 

ingredient .  Feed mix tures contained the same flavour compounds as in the 

standard mu Iticomponent feed, at  the concentrations given in Table 3- 1 ,  p lus 

additional dairy i ngredients as fol lows: 

• Cream. Various rat ios of cream to water were used to create mixtures 

containing 0.5%, 1 % , 5%, 1 0%,  20% and 38% fat (w/v). The h ighest fat 

mixture corresponded to 1 00% cream .  M ixtures were st irred only, not 

homogenised. A creamy layer rose to the top of solutions with 0.5% and 1 %  

fat, but  feed solutions with h igher fat levels remained homogeneous. Cream 

was chosen as a convenient fat source because it  contains the right mix of 

fats ,  at the right fat globule size, to be directly appl icable to dairy systems. 
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Table 3-2: Proximate composition of cream, milk protein isolate and edible grade lactose. 

Component Concentration ( %  w/w) 

Creama Mi lk  protein  Edible grade 
i solateb lactoseC 

Water 54.9 5.93 0.06 
Protein 2.0 84.4 0 .3 
Fat 40.0 1 .4 0 
Carbohydrates 
( lactose) 2 .8  1 .72 99.3 
Ash 0.38 6 .8  0.34 

"From New Zealand food composition tables (Visser et aI . ,  1 99 1 ;  Athar et a I . ,  2003 ) ;  confi rmed by 
a company represe ntat ive to be simi lar to the brand of cream used i n  experiments (Attanayake, 
2008 , personal communicat ion) .  
bFrom Fonterra laboratory tests on the batch used for pervaporation experiments (Ferreira, 2008, 
personal communication) .  

cFrom product bul let in (Anon. ,  no date). 

• 4% (w/v) mi lk  prote in isolate, equi valent to 3 .4% total protein in  the feed 

solution. Mi lk prote in i olate contai ns a blend of casein and whey proteins .  

This protein level was chosen because it  is  almost double the protein level in  

cream, whi le being comparable to thc amount of protein in mi lk (Swaisgood ,  

1 996) .  

• Cream di luted to 20% fat, p lus ex tra mi lk  protein isolate to make the total 

protein up to 3 .5% (w/v),  in order to discover any interact ions between 

prote in and fat .  

• 6 %  or 1 2% (w/v) edible grade lactose. The lower level o f  lactose was 

chosen because i t  is double the amount of lactose in cream, while being 

s imi lar to  the lactose level in mi lk (Swaisgood, 1 996). The higher level was 

chosen to test the effect of lactose concentrat ion. 

• 6% (w/v) extra pure lactose, in  order to discover whether i mpuri ties in the 

edible grade lactose had any effect on results .  

, Cream di l uted to 20% fat (w/v ), plus ex tra edible grade lactose to make the 

total lactose up to 6% (w/v),  in order to di scover any interactions between 

lactose and fat. 

3. 1 .5 Real dairy products 

For experi ments using real dairy products as the feed, either ester cream or starter 

di sti l late was used wi thout adding any further flavour compounds to each product. 
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Ester cream was prepared in  batches of 2 .5  L or 4 L, by fermenting a mix ture of 

d i l uted cream and ethanol (the exact process is  confidential to Fonterra Co

operat ive Group Ltd) .  A separate batch was used for each run .  Anchol natural 

starter dist i l late (30 x) was obtained from Anchor Ethanol Ltd (Tirau, New 

Zealand). 

3.2 Pervaporation apparatu s  

Figure 3- 1 shows the pervaporation unit .  The feed was continuously reci rculated 

past the membrane and back into the jacketed feed tank at approx imately 

I L min- I (corresponding to a Reynolds number of approximately 500), us ing a 

diaphragm pump (Cole-Parmer Instrument Company, Vemon Hi l l s, IL, USA).  

The retentate was returned to the middle of the feed tank, i n  order to ensure 

adequate mix ing. The feed temperature was control led by rec ircu lating water from 

a temperature-control led water bath (Grant Instruments Ltd, Cambridgeshire ,  UK) 

through the jacket of the stainless steel feed tank. If necessary, a water bath 

cool ing unit (Julabo Labortechnik,  Seelbach, Germany) was used to cool the 

water to below room temperature. The module temperature was measured with a 

thermocouple inserted into the top of the membrane module. The permeate 

Feed 
tank 

Thermocouple 

Pressure gauges 
Membrane��� 

module c 

Feed pump 

Needle 
valves 

Cold traps Safety trap 

Vacuum 
pump 

Figure 3- 1 : Schematic diagram of the pervaporation unit. Tubing in blue shows the 
feedJretentate flow and tubing in orange shows the permeate flow. 
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pressure was measured just downstream of the membrane, us ing Baratron 

pressure gauges (model 622A I I  TOE for pressures up to 1 ,3 kPa, or model 

3 1 5BA-00 I 00 for higher pressures; both from MKS Instruments Ltd, Burl i ngton, 

MA,  USA ) ,  and was contro l led by adjust ing the needle val ves upstream of the 

cold traps, A Squirrel 2020 data logger (Grant Instruments Ltd, Cambridgeshire, 

UK) recorded outputs from both pressure gauges and from the thermocouple, at 

one-minute intervals ,  

Figure 3-2 shows the stainless steel membrane modu le, which housed a 

rectangular membrane of effect ive area 0,0 1 2  m2, Three types of composite f1at

sheet hydrophobic membranes were suppl ied by GKSS-Forschungszentrum 

Geesthacht GmbH (Geesthacht, Germany); their properties are given in Table 3-3 ,  

The membrane rested on a s intered stainless steel support, and was sealed i nside 

the module with an ethylene-propylene-diene terpolymer (EPOM) gasket. 

Feed 

• 

Permeate 

Four parallel 
retentate l ines 

+ 

• E P D M  gasket 

D Membrane 

III Sintered stainless steel plate 

Figure 3-2: Cutaway diagram of membrane module. Blue arrows show the feed/retentate 
flow and orange arrows show the permeate flow. 

Table 3-3: Properties of pervaporation membranes used in this study (all supplied by GKSS
Forschungszentrum). 

Membrane Active layer material 

POMS Type I 
POMS Type 2 
POMS 

Polydimethyls i loxane 
Pol ydimethylsi loxane 
Pol yoctyl methylsi loxane 
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material 

Polyacrylonitrile 
Polyacrylonitri le 
Polyetherimide 
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The vacuum on the permeate s ide of the system was maintained with a vacuum 

pump (model RV5, BOC Edwards, West Sussex ,  UK),  which operated 

continuously during experiments. 

The permeate was col lected in  glass cold traps, which were cooled with l iquid 

n i trogen .  Onl y  one of the two paral lel cold traps was used at a t ime, and the active 

cold trap was changed every hour to enable permeate samples to be removed 

during each pervaporation run .  

3.3 Pervaporation experiments 

New membranes were conditioned before use in pervaporation experiments, by 

reci rculating approximately 500 mL of dist i l led water at 30°C through the 

pervaporat ion apparatus for 1 2  h ,  with the membrane instal led and the permeate 

side under max imum vacuum (between 0.2 and 1 .2 kPa, depending on the 

membrane) .  It was assumed that 1 2  h was sufficient to pre-swel l  the membrane to 

allow steady state operation. 

One or two pervaporation runs were completed each day. Before each  run ,  if  the 

feed solution did not contain al l of the volat i le compounds that were in  the feed 

from the previous run,  potential ly  cross-contaminating volati les were removed by 

recirculat ing 500 mL of dist i l led water for 30 mi nutes, with the permeate side 

under max imum vacuum. St i l l  under vacuum, the membrane was then conditioned 

for one hour with 500 mL of feed solution, prior to each pervaporation run. After 

conditioning, the feed tank was drained and refi l led with fresh feed solution, 

which had been warmed to the required temperature in a water bath . When both 

runs for one day used feed solutions of the same composit ion, the conditioning 

step was carried out only at the start of the day, because the first run acted as the 

condit ioning step for the second run .  

Each pervaporation run was carried out over four hours. Samples of  retentate were 

taken at t ime zero, and after two and four hours. Permeate samples were taken 

every hour, after thawing and weigh ing of the ent ire permeate col lected during 

that hour. Retentate and permeate samples were kept at - 1 8°C prior to analysis . 
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The feed temperature, permeate pressure, membrane type and feed solution varied 

according to the experiment to be carried out, and are described in the relevant 

chapters. Not all pressure/temperature combi nations could be used with each 

membrane, as the lowest ach ievable permeate pressure depended on the flux 

through the membrane. At operat ing conditions that al lowed h igh fluxes, the 

permeate could not be pumped away fast enough to maintain very low permeate 

pressures. Experi ments were completed in tripl icate unless otherwise stated. 

The module temperature and permeate pressure were recorded every minute 

during pervaporat ion runs. General ly, the average temperature and pressure 

recorded during a run were with in 0 .3°C or 0.03 kPa of the target condit ions.  

Fol lowing runs with aqueous feed solutions, the feed side of the pervaporat ion 

unit ( inc luding the membrane) was rinsed with water, then dist i l led water was 

rec irculated through the feed s ide overn ight, wi th the permeate side open to the 

atmosphere. When the feed solution con tained fat or prote in ,  the membrane 

module was bypassed, and the feed tank and feed l i nes were cleaned with a 1 %  

solution of Reflux B620 alkal ine detergent (Orica Chemnet, Ncw Zealand).  As 

th is  clean ing  solution (pH 1 1 .9)  was beyond the membrane' s  stated pH l im i t  of 

1 0- 1  I (Ohlrogge, 2005 , personal communication), the membrane module was 

c leaned separatel y by soaking in absolute ethanol . The feed side and module were 

then ri nsed with dist i l led water overnight, as with aqueous feed so lutions. 

3.4 Cal culation of fl uxes and enrich ment factors 

3.4. 1 En richment factors and uncorrected fluxes 

Enrichment factors were defined as the rat io between the permeate concentrat ion 

and the feed concentration of each compound. 

The total flux was calcul ated according to Equation (3- 1 ) : 

In J u"correctell = --
A X f  

(3- 1 )  

where JlIl1correcred i s  the total fl ux ,  In i s  the mass of permeate col lected, A i s  the 

membrane area and t is the t ime taken for permeate col lection. Indiv idual fl uxes 
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of each compound were calculated by mult iplying thei r mass fraction in  the 

permeate by the total flux .  Total and individual fluxes were measured after one, 

two, three and four hours of pervaporation, and the mean of the four 

measurements was recorded as the flux for each run .  Fluxes remained relatively 

constant within each run, showing that steady state was ach ieved quickly. 

The fol lowing section describes how fluxes were corrected to account for 

changing membrane performance. 

3.4.2 Monitoring of membrane performance 

Membrane performance was monitored by regularly carrying out a pervaporation 

run under standard operating condit ions (30°C/ 1 .5 kPa for PDMS Type I ,  
20°C/0.5 kPa for PDMS Type 2 and 30°C/0.3 kPa for POMS)  with the standard 

multicomponent feed solution. This monitoring revealed that the flux dec l i ned 

over t ime. Membranes were replaced when the total flux ,  measured under these 

standard conditions, had decreased by 25-35% (after approximatel y  30-50 

pervaporation runs) .  

So that runs carried out on different dates could be compared, correction factors 

were appl ied to account for the decrease in flux with t ime (Equation (3-2))  and for 

differences between different membrane pieces of the same type (Equation (3-3)) ,  

determined using data from al l the runs under standard conditions for each 

membrane .  

10 ' 
C = 

,I 
w;lhin I SI O + n x  , I  

C l O.av 
hetween = -l-

O.i 

(3-2) 

(3-3) 

In Equations (3-2) and (3 -3) ,  ClVil"ill is the within-membrane correction factor; 1 O ,
i 

i s  the flux recorded, under standard conditions, for the first four-hour run with a 

particular membrane piece; n is the number of pervaporation runs carried out with 

a part icular membrane piece; SI i s  the s lope of a graph of flux,  under standard 

conditions, versus run number for each membrane piece ( for runs with non-
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volati le feed components, two s lopes were used because the flux decl ine was not 

l inear) ; Che/ll'een i s  the between-membrane correction factor; and J O.a!' is the 

average of al l J 0.; values for membrane pieces of that type . The corrected flux J 

was then given by Equation (3-4) :  

J 
= 

J uncorrected X C \vi,hil1 X C between 

3.5 Analysis of retentate and permeate samples 

3.5. 1 Extraction of aqueous samples 

(3-4) 

Al l  permeate samples, as wel l as retentate samples that did not contai n non

volat i le dairy components, were extracted with diethyl ether (Scharlau, Barcelona, 

Spain )  prior to analysis by gas chromatography (GC). Internal standard (propyl 

butanoate , Fluka, 50 /-lL of a 873 mg L- 1 solution) and formic acid (Scharlau, 

50 /-lL of a 1 0% (v/v) aqueous solution) were added to 0.5 g of each sample.  Each 

sample was extracted with three 0.5 mL aliquots of diethyl ether, by mix ing at 

35 Hz on a vortex mixer for one minute before drawing off the aqueous layer with 

a syringe. The three ether extracts were combined. 

3.5.2 Extraction of samples containing non-volatile components 

Retentate samples that contained fat , protein or lactose underwent solid phase 

extraction (SPE) prior to GC analysi s. The SPE procedure was based on a method 

used at Fonterra. Samples (2 .0 g) were mixed wel l  with 6 g sodium sulphate, 

l OO /-lL internal standard (an aqueous mixture of 873 mg L- 1 propyl butanoate and 

9 1 8  mg L- 1 heptanoic acid, both from Sigma-Aldrich), 0.3 mL of 5 M sulphuric 

acid,  5 mL of heptane and 5 mL of diethyl ether (all from Scharlau ) .  A 3 mL 

portion of the extract (top layer) was passed through a GracePure aminopropyl 

SPE cartridge (condit ioned with heptane) ;  the e luate was known as 'extract I '  and 

analysed for esters and ketones, using propyl butanoate as the internal standard 

peak. A 2: I (v/v) mixture of chloroform and i sopropanol (3 mL; both from 

Scharlau ) was passed through the SPE cartridge, and the eluate was discarded. 

The acids were then eluted off the SPE cartridge with a solution of 6% formic 

acid in  2 :  I (v/v) heptane/diethyl ether; this e luate was known as 'extract 2' and 

analysed for acids, using heptanoic acid as the internal standard peak. 
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3.5.3 Gas chromatography 

One microl i tre of either the combined extract from Section 3 . 5 . 1 ,  or extract I or 

extract 2 from Section 3 . 5 .2, was i njected into a Shimadzu GC- 1 7  A (Shimadzu 

Corporation, Kyoto, Japan) with an Al ltech EC- 1 000 column (30 m long, 

0.25 mm diameter, 0.25 j.lm fi lm thickness) (Grace Davison, Deerfield, IL, USA).  

The i njector was at 1 80°C, the flame ionisation detector was at 250°C and the 

oven temperature programme was i ncreased from 35 to 2 1  O°C at 1 2°C min - I . 

Injection was in  spl i t  mode. The carrier gas (ni trogen)  flow rate was 

1 .8 mL min- I , with a spl i t  ratio of 5 :  1 .  Each extract was injected in dupl icate . 

Compounds were quantified by  the internal standard method, comparing peak 

areas with that of an internal standard of known concentration. The calcu lated 

concentrations in the ether extract were mult ipl ied by the extraction efficiency for 

each compound (determined by extracting samples of known composit ion) to 

obtain the concentrations in each sample. Extraction efficiencies are gi ven In  

Appendix A. 

3.5.4 Analysis of real dairy products 

3 .5 .4. 1 Ester cream 

Ester cream permeate and retentate samples were extracted fol lowing the methods 

in  Sections 3 .5 . 1 and 3 .5 .2  respecti vely .  Extracts were analysed using a s imi lar 

GC method to that described in  Section 3 .5 . 3 ,  except that the oven temperature 

was programmed from 35°C to 230°C ( 1 2°C min- I ) and held for one minute, to 

allow t ime for all peaks to elute. 

GC peaks corresponding to some esters (present in  ester cream but not in  model 

solutions) overlapped with acid peaks, so ester cream samples were also analysed 

with a different column, using gas chromatography-mass spectrometry (GCMS) 

rather than Gc.  The GCMS method was as  fol lows: I j.lL of extract was injected 

into a QP20 1 0  GCMS (Shimadzu, Japan) with a Restek Rxi -5ms column (30 m 

long; 0.25 mm diameter; 0.25 j.lm fi l m  thickness). Injection was in  the spl i t  mode 

(split  ratio 5) and the injector temperature was 250°C. The carrier gas (hel ium) 

column flow rate was 1 . 1 2  mL min- I . The mass spectrometer ion source 

temperature was 200°C and the interface temperature was 250°C . The oven 
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temperature was held at 35°C for 5.5 minutes, then increased to 230°C at 

20°C min-I and held for 5 minutes. Each extract was injected in duplicate. 

With the Restek Rx i-5ms column,  acid peaks were normal ly too small  to quantify, 

and were separated from ester peaks. Acetic ac id and butanoic acid concentrations 

were then deduced from the difference between the chromatograms with the two 

different columns.  Thi s  method did not g ive accurate concentrations of hexanoic 

and octanoic ac ids, so they were excluded from the ester cream results .  

3 .5 .4.2 Starter disti l late 

Starter dist i l late retentate and permeate samples were extracted using the method 

in Section 3 . 5 . 1 .  The concentrat ion of diacetyl was determined using the same GC 

(not GCMS) method as for ester cream (Section 3 .5 .4. 1 ) , with an external 

standard (Fluka brand, � 99.4% purity, Sigma Aldrich) .  

GC analysis of starter disti l late revealed many unknown peaks. Samples were re

analysed using GCMS, to identify some of the unknown compounds. Headspace 

solid phase micro-extraction (SPME) was used with untreated samples, rather 

than ether extracts, to avoid obscuring peaks behind the solvent peak. One 

mi l l i l i tre of sample was placed i n  a 20 mL headspace vial ,  and the headspace was 

exposed to a PDMS-divinylbenzene SPME fibre (65 Ilm fi lm thickness; Supelco, 

Bel lefonte, PA) for 30 mi nutes at 35°C, with agitat ion. Volat i les were desorbed 

from the SPME fibre i nto a GCMS-QP5000 (Shi madzu, Japan) with a sampling 

t ime of 0.5 minutes. Injection was i n  the spl i tless mode. The column was an 

Al l tech EC- I 000 (30 m long, 0.25 mm diameter, 0 .25 Ilm fi lm thickness) (Grace 

Dav ison, Deerfield, IL, USA).  The carrier gas (hel ium) col umn flow rate was 

1 .8 mL min- I . The injection port and interface temperatures were both 250°C, and 

the oven temperature was programmed from 35°C to 230DC at 5 °C min- I , then 

held for 2 1  minutes. SPME and GCMS were carried out in duplicate for each 

sample, but the second repl icate of each sample had smal ler peak areas than the 

first replicate because volat i le compounds evaporated after the vial septum had 

been pierced. Therefore, only one replicate of each sample was used in  

calcu lat ions.  

Compounds in starter dist i l l ate (other than diacetyl ) were tentat ively identified 

from their mass spectra (by comparison with the NIST62 library) and from their 
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order of elution, and were not confi rmed using standards.  Tentatively identified 

compounds were not quantified, but their enrichment factors were est imated from 

the ratio between peak areas in  permeate and retentate samples. 

3.6 Error reporting 

Whenever experimental errors are indicated throughout th i s  thesis, these refer to 

standard errors unless otherwise indicated ( i .e . ,  x ± y means that x i s  the mean and 

y i s  the standard error) . Means and standard errors were calculated from three 

replicates unless otherwise noted. 
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Flux variation over t ime 

Membrane performance moni toring (described in  Section 3 .4.2) showed that 

f1uxes did not remain constant over t ime as expected. The purpose of this chapter 

is to discuss possible reasons for the flux variation, and to validate flux correction 

factors so that results from different runs could be compared. 

4. 1 Flux decl ine with volat i le feed components 

When membranes had only been in  contact with feed solutions containing volat i le 

compounds and water, total f1uxes (measured under standard operating conditions 

defined in  Section 3 .4.2) decreased over the l i fetime of each membrane, as shown 

by Figure 4- 1 .  

Usual ly, flux decl ine in membrane processes is  caused by foul i ng of the 

membrane surface and pores, by substances such as protein (Mu lder, 1 996). 

However, as pervaporation membranes are non-porous, foul ing does not normal l y  

occur to a great degree (Mulder, 1 996; Baudot e t  aI . ,  1 999; Schafer & Crespo, 

2003) .  The aqueous model solutions used for the majority of experiments 

consisted of only volat i le compounds and water, and did not contain any 

components that would reasonably be expected to foul the membrane. 

Experiments with non-volat i le feed components were only carried out after al l 

other experiments were complete ; these are not included in  Figure 4- 1 ,  and wi l l  be 

discussed in Section 4.2 .  

Few researchers have reported flux decl ine during pervaporation, yet i t  occurred 

to a s imi lar extent with al l three membranes tested in this study. Th is suggests that 

it may have been caused by certain feed compounds used in this study but rarely 

mentioned in  pervaporation l i terature, for example hexanoic ac id and octanoic 

acid.  These compounds are not very volat i le ;  at 30°C their saturated vapour 

pressures are 9 . 1 Pa and 0.9 Pa respect ively, compared with 45-2750 Pa for the 
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Figure 4-1 :  Decrease in uncorrected total fluxes between runs, for (a) PDMS Type 1 
membrane (30°C feed temperature; 1 .5 kPa permeate pressure), (b)  PDMS Type 2 
membrane (20°C feed temperature; 0.5 kPa permeate pressure) and (c)  POMS membrane 
(30°C feed temperature; 0.3 kPa permeate pressure). Standard multicomponent feed 
solution used for all runs shown. 
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other flavour compounds in  this study (Pol ing et aI . ,  200 1 ;  Speight, 2003 ; Lide, 

2005) .  Th is lack of volat i l ity could prevent these compounds from being 

completely evaporated and transported away from the downstream side of the 

membrane. Octanoic acid in  particular was found to carry over between 

pervaporation runs, and could sti l l  be detected in the permeate after several hours 

of pervaporation with pure water as the feed. 

Octanoic acid has also been found to cause flux decl ine during ultrafi ltrat ion with 

a hydrophobic polysulphone membrane, due to adsorption on the pore walls, thus 

decreasing the pore size (Lindau et aI . ,  1 995) .  In  a subsequent study (Brinck et aI . ,  

2000), the same research group showed that the flux decl ine could be e l iminated 

by increasing the feed pH to above 1 0, so that the majority of the octanoic ac id 

was in  the dissociated form, which is more soluble in  water than the undissociated 

acid.  Hence, it may also be possible to prevent flux dec l ine in pervaporat ion by 

adj usting the feed pH, provided that the acidic compounds were the only 

contributors to flux decl ine. In contrast to ul trafi ltration, increas ing the pH would 

also reduce the permeat ion of acids through pervaporat ion membranes, as the 

dissociated form is less volat i le .  

Fadeev et al .  (2003) also observed flux decl ine during pervaporat ion of yeast 

fermentat ion broth with a nanoporous poly( I -tri methyls i lyl - I -propyne) membrane 

(without a porous support layer). They concluded that compounds with low 

volat i l i ty, which were absorbed into the membrane but did not permeate, caused 

the flux decl i ne by occupying the free volume in the membrane. In the present 

study, even the least volat i le flavour compounds tested sti l l  permeated to some 

degree, so presumably they condensed in the porous support layer as well as , or 

instead of, the act ive layer of the membrane. 

As a result of a discussion with researchers from GKSS-Forschungszentrum, the 

research institution that supplied the membranes, it is bel ieved that the flux 

decl ine i n  the current study was due to  permeants being adsorbed in the porous 

support layer of the membranes. The pervaporation unit used for the experi ments 

had relatively long permeate tubing with a smal l diameter, which was not ideal as 

i t  could have caused a pressure gradient between the downstream side of the 

membrane and the vacuum pump. This pressure drop could lead to less-volat i le 

compounds condensing in  the porous layer of the membrane, espec ial ly  given the 
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high fluxes through the th in  membranes used. The porous support layer has a very 

large surface area, as it contains many smal l  pores.  Therefore, i t  is  l ikely that these 

condensed compounds adsorbed on this surface (Wind, Bengtson, & Brinkmann, 

2007, personal communicat ion) .  

To confirm this hypothesis, i t  would be necessary to carry out 1 0-20 

pervaporation runs with pure water and with s ingle-component feed solutions of 

each flavour compound, start ing with a new membrane for each feed solution. 

Due to t ime constraints, th i s  set of experiments was not included in this study. If 

the flux dec l ined over t ime with one or more of the single-component feed 

solutions but not with pure water, it could be concluded that the flux decl ine was 

caused by flavour compounds ei ther b locking the free volume in the membrane 

act ive layer, or adsorbing in the support l ayer. To determine which of these places 

was being blocked, the experiment could be repeated with a homogeneous 

membrane that had no support layer. 

4.2 Flux decl i ne with non-volat i le feed components 

After using the membrane for experiments with non-volat i le feed components in 

the feed solution, the flux decl ine was no longer l inear as in  Figure 4- \ ;  instead 

the flux decreased rapidly for the first few runs and then stabi l ised at 

approx imately 45% of the in i tial flux (Figure 4-2) .  This pattern of flux dec l ine 

matches that normal ly  observed with dairy l iquids in pressure-driven membrane 

processes (Marshall & Daufin,  1 995) ,  suggesting that the non-volatile feed 

components fouled the membrane. 
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Figure 4-2: Decrease in uncorrected total fluxes between runs, when the membrane had been 
used with feed solutions containing non-volatile compounds (standard multicomponent feed; 
standard operating conditions: PDMS Type 1 membrane, 30°C feed temperature, 1 .5 kPa 
permeate pressure). 

4.3 Flux variation between membrane pieces 

Figure 4- 1 shows sl ight differences between the ini t ial flux of different membrane 

pieces of the same type. Scanning electron microscopy showed that the act ive 

layer thickness varied over each membrane (Figure 4-3) ,  which is the most l ikely 

reason for flux variation between membrane pieces. Microscopy was undertaken 

by the Institute of Molecular B iosciences at Massey University (Palmerston 

North,  New Zealand) .  

Isci et a l .  (2006) also found differences in flux between different pieces of the 

same membrane type, report ing that fluxes dev iated from the mean by up to 7 .2%.  
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Figure 4-3: Scanning electron microscope images (320 x magnification of cross-sectional 
slice) of two samples of the PDMS Type 2 membrane, showing how the active layer thickness 
varied between membrane pieces. 

4.4 Val idation of flux correction factors 

Figure 4-4 shows the f1uxes for all runs carried out at standard operating 

conditions, after applying the correction factors in  Section 3 .4 .2 .  Corrected fluxes 

varied only  s l ightly over 4 1 7  pervaporation runs, which were carried out over a 

period of almost two years. Standard deviations of the data in  Figure 4-4 were 

33 .9  mg m-2 
S

- I
, 5 .3  mg m-2 

S
- I  and 6 .5  mg m-2 

S
- I  for PDMS Type I ,  PDMS 

Type 2 and POMS respectively. Experiments with non-volat i le  feed components 

took place between run numbers 346-4 1 7, during which t ime corrected f1uxes at 

standard conditions varied sl ightly more than when the feed solutions contained 

only volat i le  compounds. The consistency between runs shows that it was val id to 
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Figure 4-4: Total fluxes at standard operating conditions (PDMS Type 1 membrane: 30°C 
feed temperature, 1 .5 kPa permeate pressure; PDMS Type 2 membrane: 20°C feed 
temperature, 0.5 kPa permeate pressure; POMS membrane: 30°C feed temperature, 0.3 kPa 
permeate pressure), after applying correction factors (Equation (3-4) in Chapter 3). 

apply correction factors, to take into account the flux dec l ine between 

experiments. Therefore, al l f1uxes reported in th is thesis are corrected f1uxes, and 

the results are assumed not to be affected by flux decl ine. 

However, if  pervaporation were to be used in an industrial setting, the flux decl ine 

itself would need to be prevented as much as possible, to reduce the cost of 

continual ly replacing membranes. The pervaporation unit should be designed so 

that the permeate could be efficiently pumped away from the membrane (by using 

short, wide-bore permeate tubing and a h igh-capacity vacuum pump), to prevent 

flavour compounds from condensing in  the support layer. A more open structure 

for the support l ayer would also al low a stronger vacuum close to the membrane, 

thus reducing condensation. 
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Chapter 5 

Effect of operati ng cond itions and com pound 
type on pervaporation 

5.1  Introduction 

In order to investigate pervaporation for concentrat ing dairy flavours, i t  was first 

necessary to characterise the behaviour of the flavour compounds of i nterest 

during pervaporat ion, without any complicat ing factors such as alterat ions to the 

feed solut ion. Many researchers have studied pervaporation of flavour compounds 

(reviewed by Karlsson & Tragardh,  1 993;  Baudot & Marin ,  1 997). However, i t  i s  

not possible to  directly  compare results unless they have been obtained with the 

same operating conditions and the same feed olut ion,  on the same pervaporation 

apparatus .  

The objective of this study was to compare pervaporation of nme flavour 

compounds in  a model feed solution, under a range of operating conditions 

(membrane type, feed temperature and permeate pressure) .  From a rev iew of the 

l i terature (Chapter 2 ;  Section 2 .4 .3) ,  i t  was expected that fluxes would increase as 

the temperature was increased or as the permeate pressure was decreased. Flavour 

compounds were selected from three homologous series (acids, esters and 

ketones), enabling compari sons between different types of permeating molecules. 

It was assumed that the degree of sorption of flavour compounds in  the membrane 

would depend on their hydrophobicity, and that the d iffusion of flavour 

compounds through the membrane would depend on their molecular size. 

M uch of the discussion in this chapter i s  based on a published paper (Overington 

et al . ,  2008) .  

5.2 Experimental 

Pervaporation experiments were carried out fol lowing the procedure in  Chapter 3 ,  

using the standard mUlticomponent feed solution described i n  Section 3 . 1 . 1 .  
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Experiments were completed in tripl icate with different membranes (PDMS 

Type I ,  PDMS Type 2 ,  POMS),  module temperatures (20-40°C) and permeate 

pressures (0.3-3 .3  kPa absolute) .  

Some addi tional pervaporation experiments were carried out with a feed solution 

that contained the standard nine flavour compounds as wel l as e i ther ethyl 

decanoate or three extra acids with odd-numbered carbon chain lengths (Section 

3 . 1 .2) .  These experiments used the PDMS Type 1 membrane, feed temperatures 

of 20°C, 30°C or 40°C, and a permeate pressure of 2 kPa. 

The standard muIticomponent feed solution had a pH of 3 .5 .  To test the effect of 

feed pH on pervaporat ion, pervaporation runs were carried out with the pH of the 

mult icomponent feed solution adjusted to 2 .5 with hydrochloric acid ( I  mol L - I ) ,  
or to 4.8 or 7.0 with potassium hydroxide ( I  mol L- 1 ) .  For a 5 L batch of feed 

solution, approximately 1 0  mL of hydrochloric acid solution was added to reach 

pH 2 .5 ,  and 1 5  mL or 25 mL of potassium hydroxide solution was added to reach 

pH 4.8 or 7.0 respect ively.  pH effects were tested at one set of operating 

conditions only (PDMS Type I membrane, feed temperature 30°C, permeate 

pressure 1 . 5 kPa). 

5.3 Results and discussion 

5.3. 1 Effect of operating conditions on flux 

Figure 5- 1 shows the total flux ach ieved at each combination of operating 

condi t ions. The total flux increased with increasing temperature, as is  general ly 

found during pervaporation (Karlsson et aI . ,  1 995 ; Lipnizki et aI . ,  1 999; Peng et 

aI . ,  2003 ; She & Hwang, 2006a). In general ,  the total flux decreased l i nearly with 

increasing permeate pressure at a part icular temperature .  This i s  because the 

driving force for permeat ion is  direct ly related to the difference in  part ial pressure 

between the feed and permeate s ides of the membrane. There were some 

except ions to the expected trend ;  the flux was lower than expected at 

40°C/3 .3  kPa with the PDMS Type 2 membrane, and was higher than expected at 

40°CI2 kPa with the POMS membrane. 
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Figure 5 - 1 :  Effect of operating conditions on total flux of the model feed solution through 
PDMS Type 1 ,  PDMS Type 2 and POMS membranes. Each point is the mean (± standard 
error) of at least three replicates. 
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As the permeate consisted almost ent irely of water (the total flavour compound 

concentration was always less than 1 %) ,  the total f1uxes in  Figure 5- 1 can be 

considered equal to the water flux .  Fl uxes of disti l led water were general l y  not 

significantly different from the total flux with the model solution at the same 

operat ing conditions (95% confidence). Individual flavour compounds showed 

s imi lar trends to those in Figure 5- 1 ,  but their f1uxes were several orders of 

magnitude lower. An example of flavour compound f1uxes at 2 kPa is  given in  

Table 5- 1 .  This table also includes feed partial pressures (calculated as  described 

in Appendi x B) ,  which determine the driving force of each compound. 

No signi ficant losses of flavour compounds occurred during pervaporation runs  at 

any of the operating conditions tested (mass balance shown in Appendix C) .  

5.3.2 Effect of membrane type on total flux and flavour compound fluxes 

The PDMS Type I membrane gave the greatest total f1 uxes, fol lowed by the 

POMS Type 2 membrane and then the POMS membrane (Figure 5- 1 ) . Thi s  trend 

fol lows membrane thickness ; mUlt iplying by act ive l ayer thickness reduced the 

difference between the three membranes, but the f1uxes with the PDMS 

membranes were sti l l  greater than those with the POMS membrane. For example, 

at 30°CI2 kPa, thickness-normal ised f1uxes were 2 1 4  ± 5 j..lm mg m-2 S- I for 

POMS Type I ,  3 1 0 ± 6 j..lm mg m-2 S- I for PDMS Type 2 and 

1 93 ± 5 j..lm mg m-2 S- I for POMS.  Figure 5- 1 shows total f1uxes that have not 

been normal ised for membrane thickness. Although the POMS Type I membrane 

was one third the th ickness of PDMS Type 2,  the total fl ux with POMS Type I 

was on average only 2 .2 times as high as that with PDMS Type 2 at the same 

operat ing conditions. 

Membranes made of the same polymer would be expected to have s imi lar total 

f1uxes, after taking membrane thickness into account. The difference between the 

two PO MS membranes could have been due to concentration polarisation 

becoming more significant with a thinner membrane. Concentration pol arisat ion is 

a phenomenon in which the faster-permeating component is  depleted in the feed 

adjacent to the membrane, meaning that i ts driv ing force is reduced and its flux 

would therefore be lower than expected, whereas the opposi te i s  the case for 
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Table 5- 1 :  Fluxes (mean ± standard error) and feed partial pressures of flavour compounds 
at different temperatures (all at 2 kPa permeate pressure) .  
Membrane/ Feed Partial vapour pressure 
Compound concentration in feed (Pa) 

Flavour compound flux 
(x 109 mol m-2 S-I )  

PDMS Type I 
2-Heptanone 

2-Nonanone 

Acetic acid 

B utanoic acid 

Hexanoic acid 

Octanoic acid 

Ethyl butanoate 

Ethyl hexanoate 

Ethyl octanoate 

PDMS Type 2 

2-Heptanone 

2-Nonanone 

Acetic acid 

Butanoic acid 

Hexanoic acid 

Octanoic acid 

Ethyl butanoate 

Ethyl hexanoate 

Ethyl octanoate 

(mmol L -I )  20°C 30°C 40°C 

0. 1 

0. 1 

1 .7 

1 .2 

1 .0 

0 .7 

0.9 

0.7 

0. 1 

0. 1 

0. 1 

1 .7 

1 . 2 

1 .0 

0.7 

0.9 

0.7 

0. 1 

0.35 0.7 1 

2 .40 4.35 

0. 1 5  0.27 

0.06 0. 1 4  

0.04 0. 1 0  

0.04 0. 1 2  

1 . 39 

7 .6 1  

0.48 

0.29 

0.25 

0.32 

1 1 0 
± 4  
1 0.5 
± 0.4 
5 1  
± s  
47 
± 4  
3 1  
± 3  
1 3  

± 3  
1 9 .82 42 .62 84 .37  1 350 

33 .46 62.36 1 1 3 .9 

1 0.59 20.8 1 

0.7 1  

4 .35 

0 .27 

0. 1 4  

0 . 1 0  

0. 1 2  

40.00 

1 . 39 

7 .6 1 

0.48 

0.29 

0.25 

0 .32 

42.62 84 .37 

62.36 1 1 3 .9  

20. 8 1  40.00 

± 70 
250 
± IO 

4.2 
± 0.4 

430 
± 60 
1 00 

± 4  
460 
± 40 
520 
± 60 
630 

± 100 
270 
± 20 

4600 
± SOO 
1 822 

± B  
42 
± 4  

278 

840 
± SO 
248 

± 4  
1 420 

± 9  
1 840 

± 40 
2560 
± IBO 
1 300 
± 200 
8600 
± 200 

4640 
± 140 

1 6 1  
± s  

420 
± 10 ± 40 

57 1 30 
± 2  ± 30 

250 4 1 0  
± 70 ± SO 
290 600 
± SO ± 70 
220 6 1 0  
± 30 ± 70 
47 290 
± 6  ± 30 

1 530 2250 
± 70 ± 160 
840 1 800 
± 60 ± 300 

28  73 
± 9  ± 14 

-------------------------------------------------------------------------------------------------------------------------------------_. 

POMS 

2-Heptanone 0. 1 

2-Nonanone 0. 1 

Acetic acid 1 . 7 

Butanoic acid 1 . 2 

Hexanoic acid 1 .0 

Octanoic acid 0.7 

Ethyl butanoate 0.9 

Ethyl hexanoate 0.7 

Ethyl octanoate 0. 1 

0.7 1 1 . 39 

4.35 7 .6 1 

0.27 0.48 

0. 1 4  0.29 

0. 1 0  0.25 

0. 1 2  0.32 

42.62 84. 3 7  

62.36 1 1 3 .9 

20.8 1 40.00 

96 

75 1 70 
± 2  ± 20 
1 8  25 
± 3  ± S  
28.9 1 1 0 
± I. I  ± IS 
38 .2  2 1 0  
± 1 .2 ± 30 
20 1 1 2 
± 2  ± 14 

7 1 8  
± 2  ± 6  

990 2 1 00 
± 40 ± 300 
320 380 
± SO ± BO 

6 6 
± 2  ± 2  



-� -----------

Effect of operati ng cond it ions and compound type 

slower-permeating components (Feng & Huang, 1 997; Bowen et al . ,  2004).  

Sampranpiboon et al . (2000b) found that ,  because there is less res istance to mass 

transfer through thinner membranes, mass transfer resistance on the feed side of 

the membrane (primari l y  caused by concentration polarisat ion) becomes relat ively 

more important compared with mass transfer through the membrane i tself. 

5.3.3 Influence of membrane type on permeate composition 

Figure 5-2 shows the difference between the three membranes at 40°CI2 kPa, in  

terms of the enrichment factors of each compound. S imi lar trends with compound 

and membrane type were obtained at the other operating conditions at which the 

membranes were compared. Ethyl butanoate and 2-heptanone were enriched the 

most; their enrichment factors ranged from 5 .4-33 .2  and 6. 1 -26.5 respectively 

( including al l  operating condit ions tested, not only those shown in Figure 5-2) .  

For these two compounds, the POMS membrane gave an enrichment factor 2-5 

t imes that of the PDMS membranes. The membrane type had a lesser effect on the 

enrichment factors of the other flavour compounds, which had enrichment factors 

of less than 1 0  for most of the operating condit ions tested. Therefore, the choice 
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Figure 5-2: Enrichment factors (mean ± standard error) of each model solution compound at 
a feed temperature of 40°C and a permeate pressure of 2 kPa. 
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Ch apter 5 
of membrane infl uenced the rel at ive amounts of short-chain esters and ketones 

compared with the other flavour compounds. 

As PDMS and POMS polymers have the same backbone structure, any 

differences in  flux or enrichment would  be due to the different size s ide chains of 

these polymers (Figure 2-6 compared with Figure 2-8; pages 25 and 29 

respect ive ly) .  Membrane permeab i l i ty i s  due to the combined effects of permeant 

sorption in and diffusion through the membrane (Feng & Huang, 1 996; Pereira et 

al . ,  1 998;  Isci et  a l . ,  2006) :  

(2·29) 

where Pi, Si and Di are the permeabi l i ty, solubi l i ty and diffusion coefficients 

respectively.  According to Trifunovic & Tragardh (2006) ,  permeant sorption is  

greater in  POMS than i n  PDMS, but diffusion i s  greater in  PDMS.  This may help 

to explain the resul ts  in  Figure 5-2 .  S imi lar enrichment factors were ach ieved with 

al l membranes for most compounds, but, for the smallest ester and the smal lest 

ketone tested, the enrichment factors were considerab ly  h igher with the POMS 

membrane than with the PDMS membranes. The h igher degree of sorption in  

POMS would be cancel l ed out  by  the lower diffusiv i ty, for a l l  but the smal lest 

molecules, which had h igh diffusivi t ies regardless of the membrane type. 

The resul ts  found here reflect those of She & Hwang (2006a), who found that 

PDMS membranes gave l ower enrichment factors but a h igher total flux  than 

POMS membranes, for the pervaporation of ethyl butanoate. They explained that 

the bulky octyl group present in  POMS may have reduced the amount of water 

that could  permeate through the membrane. POMS i s  more hydrophobic than 

PDMS because of i ts l arger side group (Kanani et al . ,  2003 ; Trifunovic & 
Tragardh, 2006) .  

Sampranpiboon e t  a l .  (2000b) also compared PDMS and POMS membranes for 

pervaporation of aqueous ethyl butanoate and ethyl hexanoate, and found that 

both membranes had s imi lar ester f1 uxes, but  that the POMS membrane had a 

h igher separation factor because i ts water flux was lower. Kanani et al . (2003 )  

obtained greater separation factors wi th POMS membranes than with PDMS 

membranes for some tea aroma compounds such as l inalool and cis-3-hexenol .  
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However, PDMS membranes gave better separation factors for aldehydes and 

some other compounds. 

The PDMS membranes used in this study had a polyacryloni tri le  (PAN) support 

layer, whereas the support layer of the POMS membrane was polyetherim ide 

(PEI). Trifunovic & Tragardh (2005) found some differences in performance 

between these two support layer materials ;  PEI reduced the driv ing force more 

than PAN for some esters and alcohols, and also caused the membrane to have 

s l ightly lower overal l permeabi l ity, but select ivity was better with PEI than with 

PAN. Therefore, the fact that the PDMS membranes used here had higher f1uxes 

and ( in  some cases) lower enrichment factors than the POMS membrane may 

have been part ly due to their PAN support layers . 

5.3.4 Influence of compound type and operating conditions on enrichment 

As can be seen in Figure 5-2, esters and ketones had greater enrichment factors 

than acids. Within the esters and ketones homologous series, the enrichment 

factors decreased with i ncreasing molecular weight, but acids did not show this 

trend. Butanoic and hexanoic ac ids had greater enrichment factors than acetic and 

octanoic acids at all operating conditions tested, although there were only small 

differences between the four ac ids during pervaporation at 40°C/2 kPa, as shown 

by Figure 5-2. 

Table 5-2 shows the flavour compound enrichment factors at variou operating 

conditions with the PDMS Type I membrane. Other membranes showed s imi lar 

trends with feed temperature and permeate pressure (Appendix D) .  Within the 

esters and ketones, the enrichment of the smal lest compound with each functional 

group was influenced by the operating conditions, but the enrichment of the larger 

compounds was not. Enrichment factors of ethyl butanoate and 2-heptanone, the 

smal lest ester and the smal lest ketone respectively, were greatest at the conditions 

that gave the lowest total flux  (Iow temperatures and h igh permeate pressures) for 

al l  three membranes. However, there were no obvious trends with feed 

temperature or permeate pressure for ethyl hexanoate, ethyl octanoate or 

2-nonanone. 
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Table 5-2: Enrichment factors (mean ± standard error) of flavour compounds at different operating conditions ( PDMS Type 1 membrane). � "0 

Enrichment factor 
..... 

CD 
..... 

Feed temperature 20°C 30°C 35°C 40°C 
(J1 

Permeate pressure 0.9 kPa 1 . 5 kPa 2.0 kPa 1 .5 kPa 2.0 kPa 2 .4 kPa 2 .0 kPa 2 .0 kPa 2 .4 kPa 

2-Heptanone 1 2 .4 1 6 .7 1 9 .7 8 .0 9 .8 1 1 .9 8 .7 8 .5  6 . 1 
± 1 . 1  ± OA ± 0. 1 ± 0.5 ± 1 .6 ± 0.9 ± 0.3 ± OA ± OA 

2-Nonanone 3 .7 3 .5  2 .3  3 .0 2 .9  3 .8  2 .9  3 . 1 2  2 .8  
± 0.2 ± 0.2 ± O. I  ± 0. 1 ± O. I  ± 0 .2  ± 0. 2  ± 0.08 ± 0 .2  

Acetic acid  0.46 0.46 0.45 0.49 0.52 0.53 0.58 0.7 1 0.56 
± 0.05 ± 0.0 1 ± 0.02 ± 0.02 ± 0.04 ± 0.04 ± 0.02 ± 0.0 1 ± 0.02 

...... B utanoic acid  0.70 0.6 1 0.59 0.80 0.9 0.88 1 .05 1 . 3 2  0.93 
0 ± 0.05 ± 0.03 ± 0.04 ± 0.04 ± O. I  ± 0.02 ± 0.06 ± 0.05 ± 0.04 0 

Hexanoic acid 0.88 0.68 0.50 1 .2 1 .3 1 .29 1 . 8 2 .3  1 .5 
± 0.05 ± 0.0 1 ± 0.05 ± O. I  ± 0.2 ± 0.06 ± 0.2  ± 0 .2  ± 0 .2  

Octanoic acid  0.43 0.26 0.27 0 .8 1 0.77 0.62 1 .0 1 .6 1 .4 
± 0.07 ± 0.03 ± 0.06 ± 0.05 ± 0.04 ± 0.06 ± O. I  ± 0.3 ± 0.2 

Ethyl butanoate 1 3 .0 1 7 .8  24.0 8 .8  1 0.5  1 3 .2  9 . 1 8 .6  6 . 1 
± I A ± 0. 1 ± OA ± 0.5  ± 1 . 5 ± 0.5 ± OA ± 0.2 ± 0.5 

Ethyl hexanoate 6.6 6.9 5 .6  5 . 2  5 . 2  7 . 2  5 .4 5 . 8  4.6 
± 0.3 ± OA ± OA ± 0.2 ± 0 .2  ± OA ± 0. 3  ± O. I  ± 0.2  

Ethyl octanoate 2.3 1 .8 1 . 1  1 .6 1 .4 2 .6  2 .0  2 .3 1 1 . 9 
± O. I  ± OA ± 0. 1 ± O. l  ± 0.2 ± 0 .2  ± OA ± 0.09 ± 0.5 



Effect of operat ing condit ions and compound type 

The enrichment factors of acid were in many cases less than one, mean ing that 

their concentrations were lower in the permeate than in the feed. The effect  of 

feed temperature and permeate pressure on the enrich ment of ac ids was opposi te 

to the effect on the enrichment of small esters and ketones; wi th ac ids, greater 

enrichment factors general ly occurred at h igh temperatures and low permeate 

pressures. 

5.3.5 Effect of compound type and molecular weight on flux 

Differences in enrichment factors between compounds were also reflected in the 

re lative f1 uxes of each compound (Figures 5-3 to 5-5 ) .  In  these fi gures, the flux of 

each compound has been normali sed by di viding by its feed mole fraction, so that 

compounds at different feed concentrations could be compared. When the feed 

part ial pressure was halved, by halv ing the concentrat ion of each compound in the 

feed, the enrichment factors did not sign i ficantly change (95% confidence; data 

shown in Appendix E). All data points in  Figures 5-3 to 5-5 were obtained at 

2 kPa, but s imi lar trends were observed at other permeate pressures. 

Individual f1uxes depend on each compound ' s  permeabi l ity in the membrane and 

on its dri v ing force for permeat ion.  Compounds with greater part ial pressures on 

the feed side of the membrane have higher driving forces. Of the compounds 

tested, esters had the greatest feed part ial pressures, fol lowed by ketones then 

ac ids (Table 5- 1 ) . Th is high driv ing force caused esters and ketones to have larger 

enrichment factors (Figure 5-2)  and h igher normalised f1uxes than acids (Figures 

5-3 to 5-5 ) .  

Within each funct ional group, however, the f1uxes did not  fo llow the trends 

expected from partial vapour pressures. Mole fraction-normal i sed ester f1uxes 

decreased with increasi ng molecular weight within the homologous series of 

esters (Figure 5-3 ) ,  although the flux of ethyl hexanoate (molecular weight of 

1 44 g mol- I ) did not qu i te fi t this trend with the PDMS Type 2 membrane at 

40°C, as its fl ux was s imi lar to that of ethyl butanoate (molecular weight of 

I 1 6  g mol- I ) at these operati ng conditions. Ketone f1uxes fo l lowed the same trend 

as ester f1 uxes, in  that the maller of the two ketones had the higher flux  (Figure 

5-4). In contrast, two opposing trends were observed when the mole fraction-

1 0 1 
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Figure 5-3: Effect of molecular weight on flux of esters (normalised for feed mole fraction) 
through (a) PDMS Type 1, ( b) PDMS Type 2, (c) POMS. Data points are the mean (± 
standard error) of three replicates, all at 2 kPa permeate pressure. 
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Figure 5-4: Effect of molecular weight on flux of ketones (normalised for feed mole fraction) 
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1 03 



Chapte r 5 

"t:I ........ (1) ,  (I) I/) !!::: '" )( 1  
.a E - 0 "t:I 
c E 
:::J .s 0 
c. c E 0 0 :;; 
u u 
"- III "-:::J -0 .9:! > III 0 
u::: E 

"t:I ........ (1) ,  (I) I/) � "I  
.a E - -
"t:I 0 
c E 
:::J .s 0 
c. c E 0 0 :;; 
u u 
"- III "-
:::J -0 .9:! > III 0 
u::: E 

"t:I ........ (I) 1 (I) I/) !!::: '" )( 1  
.a E - 0 "t:I 
c E 
:::J §. 0 
c. c E 0 0 :;; 
u u 
"- III "-
:::J -0 .9:! > III 0 
u::: E 

1 60 

1 40 

1 20 

1 00 

80 

60 

40 

20 

0 

40 

30 

20 

1 0  

0 

1 2  

1 0  

8 

6 

4 

2 

0 

(a) 

Acetic acid 

<> 

t5, 
0 
A 

40 60 

(b) 

Acetic acid 

� 
� 

40 60 

(c) 

� 
Acetic acid 

0 

40 60 

• 20 'C 

0 30 'C 

i 6. 35'C 

-0- 40 'C 
Hexanoic acid 

f Butanoic acid 

0 
Octanoic acid 

� � � 
0 0 

-A • ... 

80 1 00 1 20 1 40 1 60 

Molecular weight (g mor1) 

f 0 30 'C 
Butanoic acid 

<)- 40 'C f Hexanoic acid 

i 
Octanoic acid 

0 

80 1 00 1 20 1 40 1 60 
Molecular weight (g mor1) 

f 
0 30'C 

<> 40'C 

Hexanoic acid 

Butanoic acid f 
Octanoic acid 

0 � 0 
0 

80 1 00 1 20 1 40 1 60 
Molecular weight (g mor1) 

Figure 5-5 : Effect of molecular weight on flux of acids (normalised for feed mole fraction) 
through (a) PDMS Type 1 ,  Cb) PDMS Type 2, (c)  POMS. Data points are the mean (± 
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Effect of operating condit ions and compound type 

normal ised fluxes of acids were plotted against their molecular weight (Figure 

5-5 ) .  The fluxes of smaller ac ids increased with increasing molecular weight; 

however, the fluxes of larger acids decreased with increasing molecular weight, as 

was seen for esters and ketones. Therefore, dri v ing force variation was not the 

sole reason for the trends with molecular weight (with in  each functional group) 

shown in Figures 5-3 to 5-5 :  the molecular weight also influenced the 

permeabi l i ty (sorption and diffusion) of each compound in  the membrane. 

For the flavour compounds in this study, hydrophobicity (as determined by 

log(octanol/water parti tion coeffic ient)) depends l inearly on molecular weight 

within each compound type. Therefore, smal ler molecules are more hydrophi l ic .  

Th is i s  espec ial ly true for acetic acid and butanoic acid,  which have 

log(octanollwater part i tion coefficient) values of -0. 1 7  and 0.79 respectively, 

compared with 1 .85 to 3 . 8 1 for the other compounds in the standard 

muIt icomponent feed (Howard & Meylan, 1 997) .  As the membranes used here 

were hydrophobic, the degree of sorption would have been lower for the more 

hydroph i l ic compounds. 

In  some pervaporation systems ,  sorpt ion has been found to be more important 

than diffusion, as the f1uxes of s imi lar compounds increased with i ncreasing 

compound hydrophobici ty (Souchon et  aI . ,  1 996; Sampranpiboon et aI . ,  2000b) .  

In  other systems, fluxes increased wi th  decreasing molecular size, showing that 

diffusion was more important ( Kabra et aI . ,  1 995 ;  Isci et aI . ,  2006) .  The results in 

Figures 5 -3 to 5-5 suggest that ei ther sorption or diffusion was the control l ing 

factor in this study, depending on the flavour compound. 

The negati ve slopes in Figure 5-3 and 5-4 i mply that diffusion was the rate

l imiti ng factor for the fluxes of esters and ketones, as well as for h igh molecular 

weight acids (Figure 5-5) .  Conversely, the posit ive-slope region in Figure 5-5 

shows that sorption was more important than diffusion for smaI ler acids. For 

esters and ketones, there was no transition from posit ive slope to negative slope 

with in the range of molecular weights tested. Therefore, from these figures it is  

not possible to tel l  whether the smallest compound from each of these 

homologous series was sorpt ion-l imited or diffusion- l imi ted, as there is  a chance 

that they lay on the transit ion point between positive-slope and negati ve-slope 

regIons. 
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5 .3 . 5 . 1 Esters 

The results reported in the l i terature, using several d ifferent membranes, vary as to 

whether fluxes increase or decrease with molecular size within a homologous 

series of esters. Thi s  may be due to the relati ve importance of sorption and 

diffusion in d ifferent systems .  For systems in which sorption was the rate-l imit ing 

factor, i t  could be assumed that larger, more hydrophobic esters would have a 

greater solubi l i ty in the membrane and hence a h igher flux .  Conversely,  i f  

diffusion was the rate-l imit ing factor, then smal ler esters would be expected to 

have a greater flux ,  as they would have h igher diffusivit ies. I n  the present study, 

the fluxes of esters decreased with i ncreasing molecular weight (Figure 5-3) ,  so i t  

appears that diffusion was the rate- l im it ing factor for ethyl hexanoate and ethyl 

octanoate, with all three membranes. Ethyl butanoate may have been diffusion

l im ited, or may have lain on the transit ion point between sorption- l im i ted and 

diffusion-l imi ted compounds. In this system, molecular size was therefore an 

i mportant factor in determining how easi ly a part icular ester would pass through 

the membrane. 

Some researchers have found that the fluxes of esters decreased with i ncreasing 

molecular s ize,  i n  agreement with the resul ts observed here. Using a zeol i te-fi l led 

PDMS membrane, Isci et al . (2006) compared the fluxes of methyl butanoate, 

ethyl butanoate, butyl butanoate, methyl hexanoate and ethyl hexanoate. The 

smaller esters had greater fluxes because their diffusivities were higher. It can also 

be calculated from results given in She & Hwang (2006b) that, during 

pervaporation of orange aroma, which contained two esters , the flux of ethyl 

acetate was greater than that of ethyl butanoate. Trifunovic & Tragardh (2005) 

found that, wi th a POMS membrane, the permeabi l i ty of esters (acetates and 

butanoates) decreased with molecular size. 

However, in other cases, the opposite effect of molecular size on ester fluxes was 

seen. Song & Lee (2005) found that larger esters had greater fluxes in the 

pervaporation of ethyl acetate, propyl acetate and butyl acetate through a surface

modified hydrophobic membrane (alumina substrate modified with perfluoro

alkyl s i lane). They attributed thi s  to the fact that the larger, more hydrophobic 

esters had a greater affinity to the membrane surface .  Beaumel le et al . ( 1 992) also 

found that ethyl butanoate had a greater flux than ethyl acetate, us ing a PDM S  
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membrane. Ojebbar et  a!. ( 1 998) found that ester fluxes did not change l i nearly 

with their carbon chain lengths, for a homologous series of ethyl esters using a 

POMS membrane. Ethyl butanoate had the highest flux ,  fol lowed by ethyl acetate 

and then ethyl propanoate . However, the esters studied by Oj ebbar et al. ( 1 998) 

were al l  present at saturation concentrations i n  the feed, rather than at the same 

concentration. If their data are re interpreted by dividing the ester flux by the 

saturation concentration, the l arger esters have a greater concentrat ion-normal ised 

fl ux through PDMS membranes. 

The reason for these apparently contradictory results could be that the above 

researchers (Beaumelle et a! . ,  1 992; Ojebbar et a! . ,  1 998;  Song & Lee ,  2005) 

compared esters of the same and lower molecular weights than the smallest ester 

used in this study. I t  is possible that ester fl uxes increase with molecular weight 

up to a point  and then decrease, as was seen in the current study with acids 

(Figure 5-5) .  In fact,  Trifunovic & Tragihdh (2006) observed this phenomenon for 

esters ; as the molecular size approached that of ethyl butanoate, from both above 

and below, ester fl uxes through a POMS membrane increased. 

Sampranpiboon et a! . (2000b) studied pervaporation of ethyl butanoate and ethyl 

hexanoate from aqueous solutions. They found that ethyl hexanoate had a greater 

flux than ethyl butanoate through POMS and POMS membranes, which is the 

opposite result  to that observed in this study. This is possibly because 

Sampranpiboon et a! . (2000b) used a higher feed concentration and lower feed 

flow rates than those used here, result ing i n  a significant concentration 

po larisation effect. They concluded that the mass transfer was dependent mainly 

on the feed-side conditions rather than on the membrane .  Therefore, concentration 

polarisation may have caused the re lat ive permeat ion rates of ethyl butanoate and 

ethyl hexanoate in the work of Sampranpi boon et a! . (2000b) to differ from what 

they would have been if concentration polarisation did not occur. Ojebbar et al .  

( 1 998),  Beaumel le et a! . ( 1 992),  and Song & Lee (2005) also used much h igher 

feed concentrations than those used in this study (6000-84,000 ppm, 500 ppm and 

1 500-6000 ppm respect ively; feed concentrations in the current study ranged 

from 1 0  to I I I  ppm). As wel l  as poss ibly contributing to concentration 

polari sation i n  the l atter two cases (for which feed flow rates were low), these 

h igh concentrations wou ld create a large dri ving force. If the driving force were 
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l arge enough that i t  (rather than the permeabi l i ty) determined whether ester fluxes 

i ncreased or decreased with i ncreasing molecular weight, this could be an 

addit ional reason that their results did not agree with those in the current study. 

5 . 3 . 5 . 2  Ketones 

There have been very few studies comparing pervaporation of different ketones. 

Souchon et al . ( 1 996) found the opposite effect from this study; larger ketones had 

greater f1uxes in the pervaporation of 2-heptanone, 2-octanone and 2-nonanone 

through a PDMS membrane, leading them to conclude that sorption was more 

important than diffusion in  th is  case. Souchon et al . ( 1 996) tested each ketone 

separately,  whereas, in the current study, all n ine compounds were together in the 

model feed solution. This may explain why different results were obtained, as 

sometimes there are interactions or competition between components present i n  

the feed solution, leading to  enhanced o r  hindered pervaporation fluxes ( Kedem, 

1 989; Karlsson & Tragardh, 1 993) .  

5 . 3 . 5 . 3  Acids 

Within the acids homologous series, the transit ion from posi ti ve s lope to negat ive 

slope depended on the membrane type and the operating conditions (Figure 5-5) .  

At conditions where the f lux was low (POMS membrane, or low temperaturelhigh 

permeate pressure with PDMS Type 2 membrane) ,  the transition point was at 

butanoic acid ;  for higher-flux conditions the transit ion point was at hexanoic acid. 

In  other words, more acids were diffusion- l imi ted at operating conditions that 

caused the flux  to be low. 

The operating conditions that caused low fluxes also made i t  difficult  for flavour 

compounds to diffuse through the membrane, which is  why diffusion was the rate

l imi ting factor for most acids under these conditions. At low temperatures, 

diffusivity through the membrane would be low because the polymer chains move 

around less and so there is less free volume in  the membrane (Peng et al . ,  2003) .  

The rate of  d iffusion i s  also proportional t o  the chemical potential gradient across 

the membrane ;  hence the diffusive flux is lower for a thicker membrane. POMS 

was the thickest membrane tested, fol lowed by PDMS Type 2 .  Even u nder these 

conditions, acetic acid was sti l l  sorption- l im i ted, because i t  has the lowest 
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hydrophobici ty (leading to a low level of sorption) and the lowest molecular 

weight ( leading to a h igh rate of diffusion) out of al l the compounds tested. 

For conditions at which diffusion through the membrane was rapid (PDMS 

Type I membrane, or PDMS Type 2 membrane at operating condit ions that 

created a large driv ing force), diffusion presented less resistance to the permeat ion 

of flavour compounds, and sorption presented relatively more res istance. 

Therefore, sorption became the rate-l im it ing step for more acids at operating 

condi tions that caused high f1uxes. 

Kabra et al .  ( 1 995) found that the f1uxes of acids (acetic acid, propanoic acid and 

butanoic acid) through a PDMS membrane decreased with molecular size. 

However, the feed concentrat ion ( 1 0% w/w) was approximately 1 000 t imes 

greater than in the present study. Kabra et al . ( 1 995 ) also stated that diffusivi ty 

depends not only on molecular size and shape, but al so on the extent to wh ich the 

permeating molecules aggregate inside the membrane. Molecular aggregat ion i s  

an  al ternati ve mechan ism which could possibly explain the results obtained in the 

present  study, where acid f1uxes increased and then decreased with increasing 

molecular weight. Smal l acids might have aggregated together (as they are 

hydrophi l ic and so do not associate eas i ly  with the hydrophobic membrane) ,  and 

hence formed c lusters that did not diffuse through the membrane eas i ly ,  because 

their apparent size was larger than permeants that diffused through as single 

molecules. Tri funovi6 & Tragardh (2006) found that the diffusivi ties in POMS 

membranes of low molecular weight a\cohols, and to a lesser extent esters, went 

against the trend of decreasing diffusivity with increasing molecular s ize .  They 

suggested that this was caused by small molecu les c lustering together during 

diffusion, increasing their apparent size. The extent of aggregation of small 

molecules in  the polymer depends on the degree to which these molecules form 

hydrogen bonds with each other (Tri funovi6 & Tragardh, 2006) .  Organic ac ids 

have a hydroxyl group, which would al low hydrogen bonding, and hence i t  is 

possible that small acids cluster together. Organic acids often form di mers in 

solution, especial ly  when in a hydrophobic solution as opposed to an aqueous 

solution (Yamamoto & Nishi ,  1 990) . The results from Elabd & B arbari (200 1 )  

suggest that acids also form dimers in  polymers . However, this thesis assumes that 
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permeation i s  v ia  the solution-diffusion mechanism discussed above; therefore, 

the molecular aggregation mechanism wi l l  not be explored further here. 

5 .3 .5 .4 Extra flavour compounds added to feed solution 

The standard multicomponent feed solution contained between two and four  

flavour compounds from each functional group. To enable trends to be seen more 

easi ly ,  some extra pervaporation experiments were carried out, with additional 

acids or an additional ester added to the standard model sol ution. 

The flux of ethyl decanoate was 0.0025 ± 0.0008 �mol m-2 S- I , 
0.0 1 9  ± 0.008 �mol m -2 s - I and 0. 1 3  ± 0.04 �mol m -2 s - I , at feed temperatures of 

20oe, 300e and 400e respectively (with the PDMS Type I membrane and a 

permeate pressure of 2 kPa) . Figure 5-6 shows the mole fraction-normal ised 

f1uxes of the four esters (three esters from the standard multicomponent feed, plus 

ethyl decanoate) .  Ethyl butanoate, ethyl hexanoate and ethyl octanoate did not 

have exact ly the same f1u xes as in  Figure 5-3a, because the feed solution was not 

identical ; hence, coupl ing interactions between permeants were not equal . 

Nevertheless, these three esters fol lowed the same decreasing trend with 

increasing molecular weight, regardless of whether ethyl decanoate was inc luded 
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Figure 5-6: Mole fraction-normalised fluxes of esters, including ethyl decanoate ( mean ± 
standard error of three replicates). Operating conditions: PDMS Type 1 membrane, 2 kPa 
permeate pressure. 
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In the feed. In Figure 5-6, this trend did not continue l inearly, but level led off 

between ethyl octanoate and ethyl decanoate . The reason for this observation i s  

unclear. At  40°C, the mole fraction-normalised flux of  ethyl decanoate was 

greater than that of ethyl octanoate, contrary to expectations, although this was 

onl y  true in two out of three repl icates. Normally, an increasing flux with 

increasing molecular weight would indicate that sorption was the dominant factor 

in the mass transfer mechan ism. However, as the molecu lar weight increases 

within a homologous series, sorption should become easier (as compounds 

become more hydrophobic) and diffusion should become more difficult (as 

compounds become larger). Hence, the rate- l imit ing factor should change from 

sorption to diffusion, and not the other way around. Therefore, the anomalous 

result at 40°C was probably caused by experimental variation rather than a change 

in mechanism, especial ly as it did not occur in al l repl icates. 

Figure 5-7 shows how the mole fraction-normal ised fluxes of acids, including 

three acids additional to those in the standard mult icomponent feed, depended on 

their  molecular weight.  The same general trend was observed as in Figure 5-5 ;  the 

mole fract ion-normal i sed fluxes increased with increasing molecular weight for 

small compounds, then decreased as the molecular weight was increased further. 
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Figure 5-7: Mole fraction-normalised fluxes of acids, including three acids additional to those 
in the standard multicomponent feed solution ( mean ± standard error of three replicates). 
Operating conditions: PDMS Type 1 membrane, 2 kPa permeate pressure. 
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The three addit ional acids (propanoic ac id,  pentanoic acid and heptanoic ac id) did 

not fit perfect ly into this overall trend; they had higher fluxes than expected, 

leading to the al ternating pattern shown in Figure 5-7.  

The three additional acids had odd-numbered carbon chain lengths, whereas the 

four acids in the standard multicomponent feed had even-numbered carbon 

chains. Odd-numbered acids have previously been reported to behave di fferent ly 

from even-numbered acids in  several aspects. Thi s  phenomenon may be caused by  

odd-numbered acids hav ing a different orientat ion from even-numbered acids 

(Lunkenheimer et al . ,  2003) .  Properties relevant to pervaporation , for which 

di fferent odd-even behaviour has been reported, include the adsorption of acids at 

interfaces (Lunkenheimer et al . ,  2003) and the vapour pressures of acids (B i lde et 

al . ,  2003) .  Greater sorption and higher vapour pressures would both cause odd

numbered acids to have greater fluxes than even-numbered acids, as shown i n  

Figure 5-7.  

5.3.6 Effect of feed pH on pervaporation 

As shown in Figure 5-8 ,  the feed pH strongly influenced the pervaporation of 

1 2  .-------------------------------------------------� 

• pH 3.5 (control) 
• pH 4.8 

• pH 7.0 � 

2.0 

1 .5 CiI 
:2 
(,) .e 
... 
o U 

1 .0 :! 
-
c: 
Q) E 

..c: 
(,) 

''::: 
0.5 Ji 

Figure 5-8: Effect of feed pH on enrichment factor ( mean ± standard error) of each flavour 
compound. Operating conditions: PDMS Type 1 membrane; feed temperature 30°C; 
permeate pressure 1 .5 kPa. 
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acids, but had l i tt le or no effect on the other flavour compounds. Acidifying the 

feed solution to pH 2 .5  (from an in itial pH of 3 .5 )  had l ittle effect on enrichment. 

However, increasing the feed pH reduced the enrichment factors of acet ic, 

butanoic and hexanoic acids to less than half of their original values. Octanoic 

acid also had a lower enrichment factor at h igher pH, but it was not affected to the 

same degree as smal ler acids. Ethyl hexanoate, ethyl octanoate and 2-nonanone 

had sl ightly higher enrichment factors at pH 4.8 and 7 .0 compared to pH 3 . 5 ,  

although enrichment factors of  these compounds at pH 2 .5  were not significantly 

di fferent from those at h igher pH levels .  The total flux did not differ significantly 

between the highest and lowest pH feed solutions tested. 

The permeation of ac ids depended on the feed pH, because the pH determined the 

proportion of each acid in its dissociated and undissociated forms. At low pH, the 

proportion in the undissociated form was greater, as shown in Table 5-3 .  The 

undissociated (uncharged) form is more permeable, because charged compounds 

should not pass through pervaporation membranes (Baudot & Marin, 1 997; 

Lipnizki et aI . ,  2004).  Ikegami et al . (2005 ) confi rmed that the affinity of succinic 

acid for a hydrophobic membrane material (s i l ical ite)  decreased with increasing 

pH, as the proport ion in  the undissoc iated form decreased. Therefore, in the 

current study, the enrichment factors of acids were reduced when the pH was 

increased. 

The reason for the posit ive effect of increased pH on 2-nonanone, ethyl hexanoate 

and ethyl octanoate enrichment is less obvious. With lower levels of acids 

entering the membrane at h igher pH, there would have been less competition 

between permeants for s i tes in the membrane, enabl ing esters and ketones to be 

more highly enriched. Ethyl butanoate and 2-heptanone already had high 

enrichment factors, so the lack of competition brought no further improvement in  

Table 5-3: pKa values of  acids used in the model solution, a t  25°C (James & Lord, 1 992), and 
proportions of each acid in the undissociated form (calculated using the Henderson
Hasselbach equation). 

Compound 

Acetic acid 
Butanoic acid 
Hexanoic acid 
Octanoic acid 

4.75 
4.83 
4.88 
4.89 

Proportion in undissociated form ( % )  
pH 2.5 pH 3 .5  pH 4.8 pH 7.0 

99.4 94.7 47. 1 0.6 
99.5 95.5 5 1 . 7 0.7 
99.6 96.0 54.6 0.8 
99.6 96. 1 55 .2  0 .8  

1 1 3 



Ch apter 5 
their enrichment. Competi t ion between flavour compounds wi l l  be further 

discussed in Chapter 6 .  

Figure 5-9 shows how the fluxes of acids depended on how much of each acid 

was i n  the undissociated form, which was determined by the feed pH.  The total 

feed concentration of each acid (undissociated plus dissociated forms) was \ 05-

1 1 1  mg kg- 1 (Table 3- 1 ,  page 72) .  At pH  2 .5-3 .5 ,  al l acids were at least 94.7% 

undissociated, so that the undi ssociated concentration in Figure 5 -9 was close to 

the total concentration . Hence, the fluxes and enrichment factors were relat ively 

h igh at these low pH levels .  Between pH 2 .5  and 4 .8 ,  the percentage undissociated 

decreased from almost 1 00% to approximately 50%; the fluxes l ikewise decreased 

by 24-62%. Between pH 4.8 and 7 .0, the percentage undissociated decreased 

from approxi mately 50% to less than 1 % ;  the fluxes continued to decrease, but at 

a lesser rate. 

5.4 General d iscussion 

I t  was possible to concentrate dairy flavour compounds from aqueous solutions 

us ing pervaporation, with esters and ketones (especial l y  short chain molecules) 
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Figure 5-9: Individual fluxes ( mean ± standard error) of acids in feed solutions at different 
pH, plotted against the concentration of each acid in its un dissociated form. Operating 
conditions: PDMS Type 1 membrane; feed temperature 30°C; permeate pressure 1 .5 kPa. 
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being more efficiently concentrated than acids. Therefore, the flavour profi le of 

the permeate would differ from that of the feed. 

Table 5-4 l i sts some odour descriptors reported for the flavour compounds in  the 

standard mUlticomponent feed. These odour descriptors can be used, together with 

the enrichment factors, to estimate how pervaporation would al ter the flavour of a 

mixture. Compared with the feed, the permeate had relat ively more esters and 

ketones and lower levels of acids, meaning that the permeate flavour would be 

more fru ity and blue cheese-l ike ,  and less pungent and goaty, than the feed 

flavour. Also, as the total concentrat ion of flavour compounds in the permeate 

was up to 1 0  times higher than in the feed, the permeate flavour wou ld be stronger 

overall than the feed flavour. 

For the high molecular weight flavour compounds in this study (esters, ketones 

and high molecular weight acids), diffusion was the control l ing mechanism in the 

membranes tested, but low molecular weight acids went against the trend seen for 

other compounds. The point of transit ion between increasing and decreasing flux 

with increasing ac id molecular weight was dependent on the operating conditions, 

and i s  postulated to be due to the relati ve influences of sorption into, and diffusion 

through, the pervaporation membrane. 

The PDMS Type I membrane, a high feed temperature and a low permeate 

pressure were the conditions leading to the greatest f1uxes. The PDMS Type I 

Table 5-4: Odour descriptors of flavour compounds used in the feed solution. 

Compound Odour d�cription 
2-Heptanone Musty, varnish,  sweeta; b lue cheese, Roquefort cheeseb 

2-Nonanone Floral , fruity, peachl; must/ 
Ethyl butanoate Fru i ty-melon, swed'; pineappleb ; pleasant, green fru itC 

Ethyl hexanoate Fru ity, grape melon"; pineapple, bananab; young cheesec 
Ethyl octanoate Apricot, wineb 

Acetic acid Vinegar-sour, sharpa; pungentd 

Butanoic acid Rotten, sharpa; buttery, sweatl ; cheesy, rancide 

Hexanoic acid Sharp, goatl; pungent, b lue cheeseb; pungent, mustl ; cheesy, 
acride 

Octanoic acid Wax , sheep, goat, musty, rancid, fru it/ 
aFrank et al .  (2004) 
bMolimard & Spi nnlcr ( 1 996) 

C Arora et al. ( 1 995) 
dSchieberle et a l .  ( 1 993)  
epeterson & Reineccius (2003)  
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membrane was therefore chosen to be used for all further experiments in  the 

fol lowing chapters . However, the POMS membrane gave greater enrichment 

factors than the other membranes, for the major compounds in  the permeate. The 

enrichment factors of some compounds also depended on the feed temperature 

and permeate pressure .  Therefore, it is important to consider enrichment as well  as 

flux when selecting operating conditions for pervaporation . 

When the feed pH was increased, a greater proportion of each acid was in  the less

permeable form . Therefore, manipulation of the feed pH appears to be a s imple 

way of contro l l ing the permeate composition when the feed contains ac ids. 

The results in this chapter provide basel ine data with a s imple model feed 

solution, which wi l l  be compared with modified feed solutions in the fol lowing 

chapters. 
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Chapter 6 

Cou p l ing between model sol ution com pou nds 

6.1  Introduction 

Pervaporation of a particular compound is  often, but  not always, influenced by the 

presence of other permeat ing components (Neel, 1 99 1 ) ; this phenomenon is 

known as coupl ing. Pervaporation results with one feed solution can only be used 

to predict results with different feed solutions if the extent of coupl ing is known. 

Unfortunately, the mechanism of coupl ing is  not wel l  understood. Hence, 

coupl ing effects cannot be rel iably predicted, and must be determi ned on a case

by-case basis. 

Coupl ing effects comprise two parts: thermodynamic coupl ing and kinetic 

coupl ing (Berendsen et aI . ,  2006) .  Thermodynamic coupl ing alters the 

concentration of a permeant inside the membrane, and kinetic coupl ing al ters how 

permeants interact with the membrane polymer as they are passing through the 

membrane (Berendsen et aI . ,  2006) .  Therefore, thermodynamic coupling affects 

the sorption coefficient and kinetic coupling affects the diffusion coeffic ient. 

The purpose of this chapter was to evaluate coupling effects between flavour 

compounds in the standard multicomponent feed. Ideal ly, a ful l  coupl ing analysis, 

showing the interact ions between each of the nine flavour compounds in  the 

multicomponent feed solution and how each was affected by the concentrations of 

the others , would be desirable. However, a large number of experiments would be 

needed to obtain a complete picture of which compounds coupled to each other. 

Many more experiments wou ld be required to determine the effect of feed 

concentrat ion or operat ing conditions, or to obtain information on coupl ing effects 

between three or more compounds. Therefore, the experiments in this chapter 

were designed to complete only a smal l part of this complex puzzle .  B inary 

aqueous solutions (one flavour compound plus water) were compared with feed 

solutions that contained selected mixtures of two to eight flavour compounds, and 

with the mul ticomponent feed solution that contained n ine flavour compounds. 
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Feed solutions with one or mne flavour compounds were compared at two 

temperatures and two concentrations, in order to obtain as much information as 

possible with in  the t ime constraints for this study. 

Apart from flavour compounds and water, some flavour-contain ing process 

streams, such as fermentation systems or alcohol ic beverages, also contain 

ethanol .  Percentage levels of ethanol can affect the volat i l i t ies of flavour 

compounds, and can also cause membrane swel l ing. These effects may lead to 

flavour compound f1uxes increasing, decreasing or remaining constant, when 

ethanol is  added to the feed solution (Beaumel le et aI . ,  1 992 ; Karlsson & 

Tragardh, 1 994; Tan et aI . ,  2005) .  Therefore, the influence of ethanol on the n ine 

flavour compounds in th is  study was also tested. 

6.2 Experimental 

Pervaporation experiments were carried out fol lowing the procedure in  Chapter 3 ,  

us ing the PDMS Type I membrane. The permeate pressure was always kept at 

1 .5 kPa, and the feed temperature was either 20°C or 30°C. The feed solutions 

l i sted in  Section 3 . 1 .3 were compared; these contained various combinations of 

the flavour compounds in  the standard mUlticomponent feed solution. In addit ion, 

5% (v/v) ethanol was added to one feed solut ion (Section 3 . 1 .3 ) .  The standard 

mult icomponent feed solution (Section 3 . 1 . 1 )  was used as a contro l .  Flavour 

compound concentrations were either the same as in the standard mUlt icomponent 

feed (referred to from now on as 'standard concentrat ions' ) or 50% of this 

concentration . Most experiments were carried out in duplicate or tripl icate, except 

that not all repl icates were completed with the binary octanoic acid/water feed 

solution. Runs at standard conditions (described in Chapter 3 )  were carried out 

more frequently. 

6.3 Results and discussion 

6.3. 1 Total flux with binary and multicomponent feed solutions 

Figure 6- 1 shows how the total f1uxes differed between pure water, b inary feed 

solutions of each flavour compound, and the standard mUlticomponent feed 

solution. The flavour compounds never represented more than 0.5% of the total 
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Figure 6- 1 :  Comparison between total fluxes of pure water, binary feed solutions (one 
flavour compound plus water) and multicomponent feed solutions (nine flavour compounds 
plus water). Operating conditions: PDMS Type 1 membrane, 20°C or 30°C feed 
temperature, 1 .5 kPa permeate pressure; flavour compound concentrations were either the 
same as, or 50% of, those in the standard multicomponent feed. Data are means (± standard 
error) of at least two replicates, except for octanoic acid at 20°C, for which only one run was 
carried out. 

permeate mass, with water making up the remainder of the permeate. Therefore, 

the total fl ux in each case is  negl igibly different from the water flux ,  so Figure 6- 1 

shows how each compound affected the flux of water. 

When the feed solution contained octanoic acid, this compound was found to 

remain in the system and carry over to the next run . Fol lowing overn ight cleaning 

of the pervaporation uni t  (described in  Chapter 3) ,  enough octanoic ac id remained 

in the system that i t  was detected in the permeate, at a level of 50-90 ppm, after 

1 . 5-3 hours of pervaporat ion with a feed of disti l led water. The permeate 

concentration of octanoic acid reduced to a stable level ( 1 2- 1 3  ppm) after 7 .5-9 

hours of pervaporation with dist i l led water. It is l i kely  that the octanoic acid bu i l t  

up in the membrane and contributed to the decl ine in flux over t ime, as  was 

di scussed in Chapter 4. To avoid influencing the coupl ing interact ions between 

flavour compounds, runs with the binary octanoic acid/water feed solution were 
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discontinued part-way through this set of experiments. Figure 6- 1 therefore shows 

only one run with this feed solution at 20°C/standard concentration, and none at 

30°C/standard concentration. Experiments with the mUlticomponent feed solution 

(which contained octanoic acid) were continued, but a n ine-hour run with dist i l led 

water was carried out after each run with the mUlt icomponent feed, during the set 

of experiments i n  this chapter. 

The total flux with a feed of pure water was general l y  s imi lar to or greater than 

the total flux  with binary or multicomponent feed sol utions (Figure 6- 1 ) , except 

that the total flux of a binary ethyl butanoate/water feed at 30°C/standard 

concentration was 1 9% greater than the pure water flux,  and the total flux of a 

b inary octanoic acid/water feed at 20°C/standard concentration was 1 0% greater 

than the pure water flux (al though the standard error is unknown for the b inary 

octanoic acid feed because only one repl icate was carried out at these condit ions) .  

Total f1uxes with most binary feed solutions were s imi lar to the mult icomponent 

feed solution (Figure 6- 1 ), with the fol lowing exceptions: 

• B inary solutions of 2-heptanone and 2-nonanone both had h igher total f1uxes 

(sl ightly outside standard error l im its) than the mult icomponent feed at 

30°C/50% concentration, but not at standard concentration for either 

temperature . 

• The total flux of a b inary ethyl butanoate solution was 55% h igher than the 

multicomponent feed at 30°C/standard concentration. 

• The total flux of a b inary acetic acid solution was 29% higher than the 

mUlticomponent feed at 30°C/standard concentration . 

• The total flux of a binary octanoic acid solution was 65% h igher than the 

multicomponent feed at 20°C/standard concentration and 4 1  % h igher than 

the multicomponent feed at 30°C/50% concentration. 

There were no obvious trends regarding the operating condi tions and flavour  

compounds for which the total flux  of  b inary feed sol utions differed from that o f  

the mult icomponent feed. In  al l cases where there was a difference, b inary feed 

solutions had higher total f1uxes than the multicomponent feed. This would  

normal ly  suggest that the flavour compounds in  the multicomponent feed were 

h indering the flux of water. However, the pure water flux did not confi rm thi s  
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hypothesis in  al l  cases, as two of the exceptions l i sted above (ethyl butanoate at 

30°C and octanoic acid  at 20°C) also had greater total fluxes than the pure water 

flux  at the same conditions. Therefore, at particular operating conditions, some 

binary feed solutions caused a higher water flux ,  as opposed to the 

mUl ticomponent feed solution causing a lower water flux .  

An increased water flux cou ld be caused ei ther by increasing the driving force for 

water, or i ncreasing its mass transfer into and through the membrane.  As the feed 

solution was very di lute,  the flavour compounds in the feed are unl ikely to have 

sign ificant ly affected the water activity. Therefore, the driving force for water 

should not have been i nfl uenced by which feed solution was used. 

As water is a smal l ,  hydroph i l ic molecule,  it can be assumed that its diffusion 

through the membrane would be fast, but its sorpt ion in the hydrophobic 

membrane wou ld be low. Therefore, the rate- l imit ing factor for water transport 

should be sorpt ion rather than diffusion. Any factor that increased the mass 

transfer of water would have achieved this by increasing i ts sorpt ion i nto the 

membrane. 

One explanation for the higher water fl ux with certain bi nary feeds is that the 

sorption of certain fl avour compounds i n  the membrane may have been h igher 

without the competition from other compounds in the mul ticomponent feed 

solution. These compounds may have made the membrane more attractive to 

water, increasing the water sorption. Th is would explain why, for acetic acid and 

ethyl butanoate, the difference occurred only at the h igher concentration tested 

(the standard concentration was not tested at 30°C for octanoic acid) .  

6.3.2 Coupling interactions between different flavour compounds 

6.3 .2 . 1 Flavour compound fluxes with binary and mUlticomponent feed so lutions 

Figure 6-2 compares the individual fluxes of each flavour compound in b inary and 

mUlt icomponent feed solutions. Fluxes with binary feed solutions were either 

s imi lar to or h igher than mul ticomponent feed solutions, except for hexanoic ac id, 

which had a higher fl ux in the multicomponent feed solution at 30°Clstandard 

concentrat ion. Therefore, where coupl ing occurred, it usually had a negative effect 

on fl uxes ach ieved (flavour compounds hindered each other ' s  permeation) .  
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At 20°C (Figure 6-2a), 2-heptanone, 2-nonanone, ethyl butanoate and ethyl 

octanoate had 1 8- 1 1 6% higher indiv idual fluxes with binary feed solutions than 

with mUlt icomponent sol utions. At 30°CISO% concentration (Figure 6-2b),  

2-nonanone, ethyl hexanoate and ethyl octanoate had 27-9 1 % higher fluxes with 

b inary feed solutions, and hexanoic ac id had a 28% higher flux with the 

mul ticomponent feed solution. At 30°C/standard concentration (Figure 6-2c) ,  

2-nonanone, ethyl hexanoate, ethyl octanoate and acetic acid had 4 1 - 1 3 1 % h igher 

fluxes with binary feed solutions. 

Other researchers have al so compared the flux of a perrneant compound in  a 

b inary aqueous feed solution with its flux in  a mult icomponent feed solution, in 

order to evaluate coupl ing between flavour compounds. The range of results 

obtained by different researchers indicates that each flavour compound wil l  not 

necessari l y  d isplay the same coupl ing behaviour in  d ifferent feed solutions or at 

different operating conditions. For example, Peng & Liu (2003) compared an 

aqueous mixture of s ix  blueberry aroma compounds ( I -hexanol,  I -heptanol , 

trans-2-hexenal , ethyl acetate, l inalool and d-l i monene) with binary aqueous 

solutions of each compound. The mass transfer coeffic ient of I -heptanol was 70% 

greater, on average, in  the mixture than in a binary aqueous solution. Coupl ing 

effects between the other flavour compounds they tested were less significant, and 

were not observed at al l operat ing conditions. Isci et al . (2006) found that the 

presence of methyl butanoate in an aqueous feed solution did not affect the flux of 

ethyl butanoate, but the opposite was not true : the flux of methyl butanoate was 

halved when ethyl butanoate was added to the feed solution. Fluxes of both 

compounds were further reduced, by approximately  two orders of magnitude, in  

an aqueous solution containing five esters and l i nalool ( Isci e t  al . ,  2006) .  She & 

Hwang (2006a) did not observe any coupl ing effects between esters, aldehydes 

and alcohols (ethyl butanoate, trans-2-hexenal , benzaldehyde, cis-3-hexenol ,  

phenyl ethyl alcohol and methyl anthrani late) in  di l ute feed solutions. 

Sampranpiboon et al .  (2000b) compared pervaporat ion of di lute solutions of ethyl 

butanoate and ethyl hexanoate, separately and together. Under most operating 

conditions tested, each ester h indered the flux of the other, with ethyl butanoate 

having a relatively greater effect on the flux of ethyl hexanoate than the other way 

around. The extent of coupling was affected by the operating condit ions; the ratio 
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of each compound's  flux i n  the mixed solution to its flux i n  the binary solution 

e ither i ncreased or decreased with permeate pressure, depending on the membrane 

and the compound (Sampranpiboon et al . ,  2000b) .  As the permeate pressure 

affects the driv ing force rather than the actual mass transfer, their results suggest 

that these two esters al tered each other' s driving force. However, Sampranpiboon 

et al . ' s  (2000b) feed solut ion contained 300 ppm of each compound, which i s  

h igher than the  normal concentrat ion range for flavours. For di lute solutions, i t  is  

unl ikely that different compounds could affect each other's feed act iv i ty (and 

hence driv ing force). I ns tead, permeant compounds affect each other' s flux 

through coupled sorption and/or coupled diffusion. 

6 .3 .2 .2  Flavour compound coupli ng factors 

The differences between flavour compound fluxes in binary and mUlticomponent 

feed solutions are quant ified in  Figure 6-3, which gives the coupl ing factors of 

each flavour compound in the multicomponent feed solut ion. The coupl ing factor 

for each compound is an overal l measure of its coupl ing to al l the other flavour 

compounds in the mUlticomponent feed. Lipnizki & Hausmanns (2004) defined 
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Figure 6-3: Coupling factors ( mean ± standard error) of flavour compounds and water in 
the multicomponent feed solution. Operating conditions: 20°C or 30°C feed temperature 
( both concentrations combined),  1 .5 kPa permeate pressure. The horizontal line indicates the 
point of no coupling. 
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the coupl ing factor for each permeant compound as the ratio between i ts 

permeabi l i ty with the feed solution of interest and its permeabi l i ty with a 

reference feed solution in  which no coupl ing occurs. In the current study, the 

overall mass transfer coeffic ient was used as an approximation for the 

permeab i l ity (in recognit ion of the fact that not all the resistance to mass transfer 

is from the act ive layer of the membrane), and the reference feed solution was the 

binary aqueous feed solution for each compound. The coupl ing factor (C) was 

therefore given by :  

c 
= 

k; ,OI' (mu!ticomponent feed ) 
I k;,IJV (binary feed ) 

(6- 1 )  

where k;,OIl is the overal l mass transfer coeffic ient o f  component i, calculated as 

described in Appendix B .  

The coupl ing factor represents only coupled mass transfer, not coupled driv ing 

forces (Lipnizki & Hausmanns, 2004). In calculat ing the overal l mass transfer 

coeffic ients, i t  was assumed that each compound's  feed act iv ity coefficient was 

equal to l i terature values for the activity coeffic ient at infin ite di l ut ion, 

i rrespect ive of which other compounds were i n  the feed solution. Other 

researchers have also made this assumption for di lute multicomponent solutions 

(Baudot & Marin, 1 999; Lipnizki & Hausmanns, 2004; Trifunovic & Tragardh, 

2006) .  

A coupl ing factor of 1 .0 indicates that the compound of in terest had equal mass 

transfer coefficients in the binary and mult icomponent feed solutions. A coupling 

factor above 1 .0 indicates posit ive coupl ing (other compounds in  the feed solution 

enhance the mass transfer of the compound of interest) and a coupl ing factor 

below 1 .0 indicates negat ive coupl ing (other compounds In the feed solution 

reduce the mass transfer of the compound of interest) .  

Figure 6-3 shows that in the mult icomponent feed solut ion, the coupl ing factors of 

esters and ketones decreased with increasing carbon chain length . In these two 

homologous series, the smal lest compound tested exhibi ted no coupl ing or 

min imal coupling, but larger compounds showed negat ive coupl ing, leading to 

lower fluxes in  the mult icomponent feed than in  binary feeds. This resul t  can also 
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be seen in  the flu x  comparIsons In  Figure 6-2. The other compounds i n  the 

muIticomponent feed therefore decreased the mass transfer of these larger esters 

and ketones. For the acids, coupl ing factors i ncreased with i ncreasing molecular 

weight, apart from octanoic acid, for wh ich the coupling factor was lower than 

that of hexanoic acid at 30°C only. The greater the molecular weight, the more 

posit ive the coupl i ng ;  that is, the other compounds in the multicomponent feed 

increased the mass transfer of the larger acids. 

The mass transfer of  larger compounds within a functional group is  more l ikely to 

be diffusion- l imi ted than sorption- l imited, as d iscussed in  Chapter 5. As larger 

compounds tended to exhibit more coupl ing (either posit ive or negative) under the 

conditions tested in this  study, it appears that coupling mainly affected the 

diffusion step. A possible mechani sm would be that permeant molecules blocked 

diffusion si tes in  the membrane (for negat ive coupl ing) or dragged other permeant 

molecules along as they diffused through the membrane (for posi t ive coupl ing). 

In  general, the coupl ing factor fol lowed the same trend as the flavour compound 

fluxes, with in  each functional group (Figures 5-3 to 5-5 ;  pages 1 02- 1 04) .  

Compounds that had low fluxes also had lower coupling factors; that i s ,  these 

slower-permeating compounds were more sensiti ve to other compounds in the 

multicomponent feed, and coupling effects reduced their  fluxes relat ively more 

than for faster-permeating compounds. Faster-permeat ing compounds within each 

functional group had positi ve or neutral coupl ing factors in the mUlticomponent 

feed solution. Thi s  result  contrasts with Peng & Liu ' s  (2003) finding that 

compounds with low mass transfer coeffic ients exhibited posit ive coupl ing at 

operat ing conditions that al lowed only low mass transfer, and that compounds 

with high mass transfer coeffic ients displayed negative coupl ing at operating 

conditions that al lowed greater mass transfer. 

To c lari fy which compounds in the mult icomponent feed solution were causing 

coupl ing, some additional experiments were carried out with feed sol utions 

containing groups of flavour compounds from either the same or d ifferent 

homologous series , as l i sted in  Section 3 . 1 .3 (page 73) .  These experiments were 

carried out at 30°C with standard concentrations only. Table 6- 1 l i sts the coupl i ng 

factors obtained with feed solutions containing two compounds from the same 

homologous series. The coupl ing factors were calculated with Equation (6- 1 )  i n  
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Table 6- 1 :  Coupling factors (mean ± standard error) in feed solutions containing either two 
ketones or two esters. Operating conditions: 30°C feed 
pressure, standard concentrations. 

Feed solution Compound 

Ketones only 

Esters only 

2-Heptanone 
2-Nonanone 
Ethyl butanoate 
Ethyl octanoate 

temperature, 1 .5 kPa permeate 

Coupling factor 
1 .4 l  ± 0.22 
1 . 38  ± 0.08 

......... ........ _ ........... . 

0.98 ± 0.02 
1 .03 ± 0.09 

the same way as before, except that the 'multicomponent feed' in this case refers 

to the feed solution with two flavour compounds, not the standard 

mUl ticomponent feed. The presence of the other ketone increased the mass 

transfer of each ketone, whereas the presence of another ester did not sign ificantly 

affect the mass transfer of ethyl butanoate or ethyl octanoate. Therefore, the 

negative coupl ing for the larger esters and ketones in  Figure 6-3 could not have 

been caused by compet it ion with other compounds with the same functional 

group. 

Figure 6-4 shows the coupl ing factors in feed solutions that contained compounds 

from two homologous series. When the feed solution contained two ketones plus 

three esters (Figure 6-4a) or two ketones plus four acids (Figure 6-4b), the 

coupl ing factors within each functional group fol lowed a s imi lar pattern as for the 

mult icomponent feed solution (Figure 6-3 ) .  Therefore, both posi t ive and negat ive 

coupl ing were caused by interactions between compounds with different 

functional groups. 

Coupl ing effects were also tested with feed solutions containing only one 

compound from each homologous series .  The fastest-permeating flavour 

compound (ethyl butanoate) was paired with ei ther the s lowest-permeating ketone 

(2-nonanone) or the slowest-permeating acid (acetic acid) .  These compounds were 

chosen because slow-permeating compounds tended to have more negat ive 

coupl ing effects (Figure 6-3 ) .  As ethyl butanoate had greater fluxes than any other 

flavour compound tested, i t  was chosen as the most l ikely compound to have an 

effect on 2-nonanone or acetic ac id. However, 2-nonanone (coupling factor 

ofl .08 ± 0.06) was only sl ightly affected by ethyl butanoate, when the feed 
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Figure 6-4: Coupling factors (mean ± standard error) in feed solutions containing (a) 
ketones and esters, (b) ketones and acids. Operating conditions: feed temperature 30°C, 
permeate pressure 1 .5 kPa, standard concentrations. The horizontal line indicates the point 
of no coupling. 

solution contained only these two flavour compounds. Ethyl butanoate was not 

significant ly  affected by 2-nonanone (coupl ing factor of 0.99 ± 0.03 ) .  Thi s  

contrasts wi th Figure 6-4a, which shows negative and posi tive coupl ing 

respect ively for 2-nonanone and ethyl butanoate, when all esters and ketones were 

present in the feed solut ion. It therefore appears that coupl ing effects may partl y  

depend on the total concentration of competing molecules i n  the feed. Because 
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2-nonanone was almost at its solubi l i ty l imit ,  the effect of concentrat ion was 

tested for the ethyl butanoate/acetic acid feed solution instead of the ethyl 

butanoatel2-nonanone feed. 

Figure 6-5 shows the extent of coupl ing between acetic acid and ethyl butanoate 

at three different acid concentrations. As the concentration of acetic acid 

increased, i ts posit ive effect on ethyl butanoate i ncreased, and the effect of ethyl 

butanoate on acetic acid changed from posi t ive coupl ing to negat ive coupling. 

Lipnizki & Hausmanns (2004) also observed that coupl ing factors depended on 

the feed concentration, when they tested several organic compounds for their 

effect on the coupl ing factor of I -propanol .  They found that the extent of negative 

coupl ing was greatest when I -propanol and the second compound had the same 

molar feed concentrat ion.  In the current study, Figure 6-5 shows that the coupl ing 

factor of ethyl butanoate (molar concentration 0.86 mmol L- 1 ) was greatest at an 

acetic acid concentration of 2 1 0  ppm (3 .49 mmol L- 1 ) ,  indicating that this 

concentrat ion of acetic acid enhanced the flux of ethyl butanoate. In contrast, 

ethyl butanoate enhanced the flux of acetic acid by the greatest amount when the 

acetic acid concentration was 1 0.5 ppm (0. 1 8  mmol L - I ) .  At an acetic acid 

concentration of 1 05 ppm ( 1 .75 mmol  L - I ) ,  at  which the molar concentrations of  

4.0 

. 1 0 1 ppm ethyl butanoate ; 
3 .5  1 0.5  ppm acetic acid 

3 .0  
0 1 0 1  ppm ethyl butanoate;  

1 05 ppm acetic acid ... 
0 

U 2 .5  C 1 0 1  ppm ethyl butanoate ; 
� 21 0 ppm acetic acid 
Cl 
r::: 2.0 -
Co 
::J 
0 () 1 . 5 
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Ethyl butanoate Acetic acid 

Figure 6-5 : Coupling factors (mean ± standard error) in feed solutions containing one ester 
plus one acid, at the concentrations indicated. Operating conditions: feed temperature 30°C; 
permeate pressure 1 .5 kPa. The horizontal line indicates the point of no coupling. 
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the two compounds were c losest, both compounds had coupl i ng factors close to 

one. The effect of coupl ing was therefore smal ler when the two compounds had 

s imi lar concentrations. Thi s  contrasts with Lipnizki & Hausmanns (2004), but 

may be explained by the fact that they observed negat ive coupl ing, whereas the 

coupl ing factors i n  Figure 6-5 were posi t ive in all cases except one. 

To further examine how coupl ing factors were affected by the concentration of 

compounds from other functional groups, Figure 6-6 shows the coupl ing factors 

of each flavour compound in al l the different feed solutions tested (excluding the 

feed solutions that contained ethanol) .  Results for acids (Figure 6-6c) are i ncluded 

for completeness, but from the few data points it is difficult to estab l i sh trends. 

Each compound' s  coupl ing factor is  its mass transfer ratio between a mixed feed 

solution (two to n ine flavour compounds) and a binary feed solution (one flavour 

compound plus water) . Coupl ing factors are plotted against the total feed 

concentration of compounds from homologous series other than the one in 

quest ion;  for example, Figure 6-6a shows the coupl ing factors of ketones, plotted 

against the total feed concentration of esters plus acids. Coupl ing factors did not 

appear to reach a minimum within the concentrat ion range tested, which again 

contrasts with Lipnizki & Hausmanns (2004).  However, each feed solution 

contained several flavour compounds, some of which caused posi t ive coupl ing 

and some of which caused negat ive coupl ing. Figure 6-6 shows only the net 

overal l  coupl ing within each feed mix ture. As a resul t ,  the data are fairly 

scattered, but some trends can be observed. Coupl i ng factors of ketones decreased 

as the total concentrat ion of esters plus acids i ncreased (Figure 6-6a). I n  Figure 

6-6b, the coupl ing factors of the two larger esters decreased, but the coupl ing 

factor of ethyl butanoate i ncreased s lightly, as the total concentration of ketones 

plus acids decreased. 

As the feed solutions In Figure 6-6 also contained differing concentrations of 

other compounds from the same functional group, they can only be interpreted 

quali tat ively.  However, the resul ts in Figure 6-6 appear to be consistent with the 

hypothesis stated earl ier, that the observed negat ive coupl ing was caused by 

competi t ion between compounds with d ifferent functional groups. Thi s  coupl ing 

seemed to depend to some extent on the concentration of the competing per meant 

molecules. 
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6.3.3 Effect of ethanol on water flux 

When the feed solution contained 5% (v/v) ethanol as well as the s tandard n ine 

flavour compounds at their standard concentrations, the total flux was 

683 ± 6 mg m-2 S- l at the conditions tested (30°C feed temperature; 1 .5 kPa 

permeate pressure) .  This was 20% h igher than the total (water) flux  for the 

standard multicomponent feed under the same conditions. Table 6-2 shows that 

this 20% difference was entirely due to the flux of ethanol , as the water fluxes 

were s imi lar for both feed solutions. Therefore, this level of ethanol did not 

appear to swell the membrane enough to affect the water flux .  

6.3.4 Coupling interactions between ethanol and flavour compounds 

Figure 6-7 shows how the added ethanol affected the fluxes of flavour 

compounds. The fluxes of 2-nonanone, ethyl hexanoate, acetic acid and octanoic 

acid increased by 1 9%,  1 7%,  20% and 59% respect ively when 5% (v/v) ethanol 

was added to the feed, but the ethanol did not affect the fluxes of the other flavour 

compounds. 

When evaluat ing the coupling in teractions of flavour compounds, there is a key 

difference between their coupl ing to ethanol and their coupl ing to other flavour 

compounds. In  d i lute solutions of flavour compounds, it is  assumed that the 

act iv i ty coeffic ients are equal to those at infin i te d i lution (Baudot & Marin ,  1 999 ; 

Lipnizki & Hausmanns, 2004; Trifunovic & Tragardh, 2006) ;  in  other words, the 

flavour compounds should not affect each other 's  driving force. Th is assumption 

does not hold when the feed solution contains  high levels of an organic 

compound, such as ethanol .  For example, Baudot & Marin ( 1 997) calculated that 

Table 6-2: Water nux and ethanol nuxa (mean ± standard error), for feed solutions with and 
without ethanol. 

Feed solution 

Standard mul ticomponent 

Standard mUlt icomponent 
with 5% (v/v) ethanol 

Water fluxb 

( mg m-2 S-I ) 
570 ± 1 0  

540 ± 40 

Ethanol flux 
( mg m-2 S-I ) 

1 40 ± 40 

aOperating condi tions:  PDMS Type I membrane, 30De feed temperature, 1 .5 kPa permeate 
pressure. 

b Assumed equal to the total flux for the standard mUlticomponent feed, and equal to the total flux 
minus the ethanol flux for the ethanol-containing feed . 
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Figure 6-7: Individual fluxes (mean ± standard error) of flavour compounds in feed 
solutions with and without ethanol. Operating conditions: PDMS Type 1 membrane, feed 
temperature 30°C, permeate pressure 1 .5 kPa. 

the act iv ity coefficients of esters and alcohols (at ppm levels)  decreased by a 

factor of 2-3 in the presence of approxi mately 1 0% ethanol ,  compared with their 

activ ity coefficients in a pure ly aqueous solution. Th is is  because the feed solution 

becomes less hydrophi l ic  in the presence of ethanol ,  and hence more attract ive to 

hydrophobic flavour compounds (Karlsson & Tragardh, 1 994; Tan et aI . ,  2005) .  

Therefore, whereas di lute flavour compounds may affect each other' s 

permeabi l ity in the membrane, percentage levels of ethanol may affect both the 

permeabi l i ty and the driving force of flavour compounds. 

As a resu l t  of these two aspects, researchers have reported both posi t ive and 

negat ive effects of ethanol on flavour compound f1uxes. For example, f1 uxes of 

ethyl acetate, i-butanol ,  n-butanol , i-amyl alcohol and l inalool decreased as the 

ethanol concentration in the feed increased. Fluxes of 2-methylbutanal and ethyl 

butanoate increased, whereas methanol ,  2-methylpropanal , l -penten-3-o1 and 

trans-2-hexenal were not affected (BeaumeI Je et aI . ,  1 992;  Karl sson & Tragardh, 

1 994; Tan et aI . ,  2005) .  Sometimes different researchers have obtained different 
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results for the same compound; Beaumel le et al . ( 1 992) found that 1 0% ethanol 

increased the f1uxes of propanol and ethyl acetate, whereas Tan et  al . (2005) 

reported that the flux of propanol remained constant, and the flux of ethyl acetate 

decreased, as the ethanol content increased from 0% to 40% (mollmol) ;  and 

Ferreira ( \ 998) reported no coupl ing of e i ther propanol or ethyl acetate to ethanol 

(0-20% w/w) .  These mixed results may be due to the relative effects of ethanol on 

the permeabi l i ty and the driving force in  d ifferent systems. 

In the current study, some flavour compounds had higher f1uxes when 5% ethanol 

was added (Figure 6-7). Thi s  finding suggests that the increase in  permeabi l i ty 

due to ethanol was more significant than the decrease in  driv ing force, leading to a 

net effect of increased f1uxes i n  the presence of ethanol .  However, not all flavour 

compound f1uxes were influenced by the added ethanol .  

Figure 6-8 shows the influence of ethanol on the enrichment factor of each flavour 

compound. Al though 5% ethanol had a posi t ive or neutral effect on flavour 

compound f1uxes, the enrichment factors of several compounds (2-heptanone, 

butanoic acid, hexanoic acid,  ethyl butanoate and ethyl octanoate) decreased by 

1 2  
• Standard multicomponent feed 

• Multicomponent feed with 5% (v/v) ethanol 
1 0  
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Figure 6-8: Enrichment factors (mean ± standard error) of flavour compounds in feed 
solutions with and without ethanol. Operating conditions: PDMS Type 1 membrane, feed 
temperature 30°C, permeate pressure 1 .5 kPa. 
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1 7-240/0 in the presence of ethanol .  Th is is because the added ethanol did not 

significantly affect the f1uxes of these compounds (Figure 6-7 ), but caused a 200/0 

increase in  the total fl ux .  Therefore, the col lected permeate contained the same 

amounts of these five compounds, whether or not the feed contained ethanol ,  but 

the total amount of permeate was greater in  the presence of ethanol . Hence, the 

flavour compounds l i sted above had lower permeate concentrat ions, and thus 

lower enrichment factor , when the feed contained ethanol .  

The enrichment factor of ethanol was 5 .2  ± 1 .5 ,  which was s imilar to the 

enrichment factors of 2-nonanone and ethyl hexanoate. Ethanol has a molecular 

weight of 46 g mol- I , which is lower than any of the flavour compounds in  the 

model solut ion. Extrapolation of the ester and ketone homologous series suggests 

that ethanol would have a lower enrichment factor than esters or ketones of the 

same molecu lar weight. Although caution must be used when extrapolating resu lts 

in this way (as the enrichment factors may increase instead of decrease below a 

certain molecular weight, as was found for acids in Chapter 5) ,  th is  observat ion 

agrees with other researchers '  findings that alcohols general l y  have lower 

enrichment factors than esters or ketones (Bengtsson et al . ,  1 992;  Vankelecom et 

al . ,  1 997) .  

Figure 6-9 compares the coupl ing factors of each flavour compound in 

mUlticomponent feed solutions with and without ethanol . Binary feed solutions 

(without ethanol )  were t i l l  used as the reference for calculating coupl ing factors 

using Equation (6- 1 ) . 

The added ethanol caused the coupl ing factors to increase ; that is, it increased the 

mass transfer of each flavour compound through the membrane. For most flavour 

compounds, this increase was only s l ight ;  both feed solutions were within 

standard e rror l imits of each other. However, the coupl ing factors of 2-nonanone, 

ethyl hexanoate and octanoic acid increased by 840/0, 570/0 and 1 200/0 respect ively, 

compared to the standard multicomponent feed. For the l atter two compounds, the 

influence of ethanol was enough to change the ir coupl ing effects from negat ive 

(coupl ing factor less than one) to posit ive (coupl ing factor greater than one) .  
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Figure 6-9 : Coupling factors (mean ± standard error) of each flavour compound, in feed 
solutions with and without ethanol. Operating conditions: PDMS Type 1 membrane, feed 
temperature 30°C, permeate pressure 1 .5 kPa. The horizontal line indicates the point of no 
coupling. 

6.4 General d iscussion 

The coupl ing factors between flavour compounds in  this study depended on their 

molecular weights, and on the concentration of competi ng permeant compounds. 

The mechanism of coupl ing i s  assumed to be interactions between compounds 

from different functional groups, in  the diffusion step. This hypothesis could be 

tested by determin ing the diffusion coefficients of each flavour compound with 

feed solutions contain ing other compounds with ei ther the same functional group 

or different functional groups. Taking ethyl octanoate as an example, the 

hypothesis would be confi rmed i f  i ts diffusion coefficient was equal with both a 

b inary aqueous feed solut ion and a mixed ester feed solut ion, but lower with a 

mixed feed solution contain ing acids or ketones. Unfortunately, d iffusion 

coeffic ients could not be measured with the avai lable equipment. 

1 36 



Coupl ing between model solut ion compounds 

In general , the other flavour compounds in the mult icomponent feed slowed down 

the mass transfer rate of fast-permeat ing compounds (esters and ketones) and 

increased the mass transfer of slow-permeat ing compounds (acids) .  Therefore, 

coupling caused the different compounds to tend towards the same permeation 

rate as each other (al though they did not reach the same permeat ion rate; 

individual compound f1uxes sti l l  varied by more than an order of magnitude 

between different flavour compound ). Th is finding would be benefic ial in  

situations where the a im of pervaporation is  to concentrate the total volat i le  

fraction without al tering the flavour profi le .  I f  a l l  flavour compounds permeated 

through the membrane to the same degree, they would have the same relative 

concentrations in  the permeate. However, i f  the aim of pervaporation is to 

selectively concentrate some volat i le compounds without concentrating others, 

coupl ing could make it more difficult to achieve this object ive .  

Under the condit ions tested, 5% (v/v ) ethanol increased the f1uxes of certain 

flavour compounds, which were main ly the slower-permeating compounds from 

each homologous series (apart from ethyl hexanoate, which was the second

s lowest permeating ester). Other flavour compounds were not affected by this 

level of ethanol . Therefore, pervaporat ion may be worth further investigation as a 

method to concentrate flavours in fermented products. The ethanol permeated 

through the membrane more eas i ly than water, with an enrichment factor in the 

same range as the flavour compounds tested. 

The results in this chapter show that coupl ing cannot be ignored, even in di l ute 

feed solutions. However, as the coupl ing factors were almo t always between 0.5 

and 1 .5 ,  it would be possible to pred ict f1uxes of the studied compounds, in a 

multicomponent solution, to within about 50% of their true values, using results 

obtained with b inary solutions. I t  is  important to note that this conclusion only 

applies to di l ute solutions; for more concentrated feed solutions the effect is  

unknown, but permeants may plasticise the membrane and cause more significant 

coupling effects (Huang & Rhim, 1 99 1 ) . 
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Chapter 7 

Effect of non-volati le dairy components on 
pervaporation 

7.1 Introduction 

I t  i s  general ly  agreed that pervaporat ion results with model feed solutions may 

differ from results with real feed mixtures,  because permeants can i nteract both 

with other volat i le compounds (coupl ing) and non-volat i le components of the feed 

(Baudot & Marin, 1 996, 1 997 ;  Kanani et al . ,  2003) .  Chapter 6 covered coupling 

effects ;  the present chapter aims to bridge the gap between aqueous model 

solutions and real dairy flavour systems, by investigat ing the effect of non-volat i le 

feed components on pervaporation of flavour compounds. Non-volatile substances 

should not pass through pervaporation membranes (Baudot & Marin, 1 996, 1 997 ; 

Kattenberg & Wil lemsen,  200 1 ;  Aroujal ian et al . ,  2006) ,  but they could 

nonetheless affect the pervaporation behaviour of volat i le compounds by altering 

their feed side act iv it ies. 

The major components of milk solids are protein ,  lactose and fat (Swaisgood, 

1 996). Apart from their involvement in flavour formation,  these non-volat i le  

substances can a l l  potent ia l ly interact with flavour compounds, each fol lowing a 

different mechanism.  

In a flavour system containing water and fat,  a proportion of the flavours wi l l  be 

dissolved in  the fat phase (a greater proport ion for more hydrophobic compounds) 

and hence cannot volat i l i se (Hatch well , 1 996; de Roos, 1 997 ; Leland, 1 997) .  In 

contrast ,  proteins b ind flavours rather than acting as a solvent (Hatchwel l ,  1 996). 

Various flavour compounds, including ketones and esters, can bind to mi lk  

proteins (Mi l l s  & Sol  ms, 1 984; Hansen & Booker, 1 996;  Guichard & 

Langourieux,  2000; KUhn et al . ,  2007) .  Flavours can bind to protein either 

physical ly  (reversibly,  general ly  through hydrophobic interactions) or chemical l y  

( i rreversibly, for example v i a  covalent bonding) (Fi scher & Widder, 1 997 ; KUhn 

et al . ,  2006) .  Carbohydrates can reduce the volati l i ty of flavour compounds 
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through intermolecular attractions, or increase the i r  volati l ity by sal ti ng-out 

(Godshal l ,  1 997) .  Lactose contains many hydroxyl groups, and is  thus able to bind 

certain flavour compounds through hydrogen bonding ( Kel lam, 1 998;  McJarrow, 

2008, personal communicat ion) .  

During pervaporation, fl avour compound interact ions with mi lk fat , mi lk protein 

or lactose may al ter the feed s ide behaviour of the flavour compounds. The 

purpose of this study was to show the impact of these interactions on 

pervaporat ion performance. Mi lk  also contains minor components such as various 

minerals and vi tamins (Swai sgood, 1 996); the impact of these on pervaporation 

was not specifical ly  tested in  the current study. However, most of the non-volatile 

components tested were in the form of dai ry ingredients rather than highly 

purified chemicals; therefore, some minerals would have been associated with the 

major non-volat i le  components being tested. 

7.2 Experimental 

7.2. 1 Partitioning of flavour compounds between fat and water 

This  experiment was carried out to determine the extent to which the flavour 

compounds present in the feed stream would part i t ion into the fat phase. 

Four feed solutions, contain i ng the standard model flavour compounds and cream, 

were made as described in Section 3 . 1 .4 (page 74), with 5%,  1 0%, 20% and 38% 

fat (w/v) respect ively .  After holding at room temperature for at l east one hour, 

tripl icate samples of each solution (approximately  45 mL) were added to 

centrifuge tubes. Samples were separated into fat and aqueous phases by 

centrifuging in  a Heraeus Mul t ifuge I S-R (Kendro, Germany) at 4700 rpm for 

one hour at 40°C. Fat and aqueous phases were extracted and analysed separately 

(fo l lowing the procedures in Chapter 3) in  order to determine the concentration of 

flavour compounds in  each phase. Th is is  a s imi lar procedure to that fol lowed by 

Hansen & Booker ( 1 996), except that the centrifuging speed was lower due to 

equipment l imi tat ions. 
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7.2.2 Effect of non-volatile dairy components on flavour compound 

vapour pressures 

The apparatus in Figure 7- 1 was used to measure the partial vapour pressures of 

flavour compounds in the fol lowing feed solutions (described in Chapter 3 ) :  

• standard model solution 

• standard model solution with added cream (5%, 1 0% ,  20% and 38% fat 

(w/v» 

• standard model solution with 4% (w/v) mi lk  protein  isolate 

• standard model solution with 6% (w/v) lactose (extra pure grade) 

The feed container was fi l led with 50 mL of feed solution. This was first frozen 

with l iquid ni trogen while the headspace above the feed solution was evacuated. 

The i nlet  and outlet needle valves were then shut to isolate the feed container from 

the rest of the system, and the contents of the feed container were thawed at 20DC, 

st irring with a magnetic stir bar as soon as enough ice had melted to make this 

possible. Five to ten m inutes after the feed solution had completely thawed, the 

outlet needle valve was opened s l ight ly to draw material from the headspace of 

the feed container into the cold trap, us ing the vacuum pump. The air in let  valve 

was also opened s l ightly, so that the feed container remained at atmospheric 

pressure and the feed solution did not boi l .  Col lection was continued unti l  about 

I g of material had been col lected i n  the cold trap. A sample from the cold trap 

was then extracted and analysed as described in Chapter 3 .  The measured 

Feed 
container  

Water at 
20"C 

Pressure gauge 

Liquid 
nitrogen 

Cold 
trap 

Liquid 
n itrogen 

Vacuum 
pump 

Safety trap 

Figure 7- 1 :  Schematic diagram of apparatus for measuring vapour pressures. 
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concentrations of each compound in the cold trap enabled the mole fraction of 

each compound in the heads pace vapour to be calculated. 

Partial  vapour pressures in  a mixture are the product of the total pressure and the 

mole fraction of each compound (Si lberberg, 2006) .  In this experiment, the total 

pressure in the system did not reach a constant equi l ibrium value, but continued to 

slowly increase, due to unavoidable small leaks in the system.  Therefore, as the 

volat i le fraction of each mixture contained over 99% water, the total pressure was 

assumed equal to the saturated vapour pressure of water, which is 2 .339 kPa at 

20°C (Borgnakke & Sonntag, 1 997). Calculated partial vapour pressures for each 

volat i le component are therefore approximate, but they can be compared relat ive 

to one another. 

7.2.3 Effect of non-volatile components on pervaporation performance 

Pervaporation runs were carried out fol lowing the standard procedure as described 

in Chapter 3, using the PDMS Type I membrane, at a feed temperature of 30°C 

and a permeate pressure of 2 kPa. The feed solut ion consisted of nine flavour 

compounds at their standard concentrations, with c ream, mi lk protein isolate or 

lactose added as described in  Section 3 . 1 .4 (page 74) . 

A blank run was carried out in  tripl icate, with a feed solution of pure cream 

without any flavour compounds added, to test for the presence of any natural l y  

occurring flavour compounds present in  cream. 

7.2.4 Effect of operating conditions on pervaporation with fat 

Using the feed solution contain ing cream di luted to 20% (w/v) fat (Chapter 3 ) ,  

pervaporation runs were carried out  a t  20°C/2 kPa, 40°C/2 kPa and 30°C/0.9 kPa, 

in order to compare with the 30°C/2 kPa run from Section 7 .2 .3 .  
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7.3 Results and discussion 

7.3. 1 Effect of fat on pervaporation 

7 .3 . 1 . 1  Effect of fat on total flux 

The total flux decreased l i nearly as  the fat level in  the feed was increased (Figure 

7-2 ; R2 = 0.60 including all runs; R2 = 0.97 excluding outliers) . It is  unclear why 

the fluxes for four runs did not fit the general l inear trend (two runs had higher 

fluxes and two had lower fluxes than expected). 

As the majority (>99 .5%) of the permeate consi sted of water, the total flux in 

Figure 7-2 can be considered to be equal to the water flux .  One of the factors 

causing a reduced water flux  wi th higher-fat feeds i s  their greater viscosity, 

leading to a reduction in  diffusivity in  the feed side boundary layer. Table 7- I l i sts 

the v iscosities of di luted cream with various fat levels,  estimated from l i terature 

data (Phipps, 1 969). Any adsorption of fat to the membrane would also contribute 

to the decrease in  total flux with h igher-fat feeds. 
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Figure 7-2: Effect of fat on total nux (feed temperature 30°C; permeate pressure 2 kPa). 
Hollow symbols represent outliers, which were not included in the best fit line calculation. 
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Table 7- 1 :  Viscosities (at 40°C)  of cream/milk mixtures with various levels of fat, estimated 
from a nomogram by Phipps ( 1969). 

Fat level ( % )  
o 
5 

1 0  
20 
38 

Viscosity (mPa s )  
1 .05 
1 .25 
1 . 5 
2 .4 
6 .2 

During each run ,  the flux was measured four times at  hourl y intervals. On 

average, the flux decreased by about 7% between the first two measurements, but 

by less than 2% between further measurements. Therefore, most of the fou l ing 

occurred in the first two hours of pervaporat ion.  The reduction in  total flux 

between the first two measurements in  each run can hence be used to esti mate the 

degree of fou l ing and/or fat adsorption. In Figure 7-3 , this flux reduction is  plotted 

against the fat level . With an aqueous feed solution (0% fat) ,  the flux reduction 

was (5  ± 2)% after the second hour; higher-fat feeds exhibited more foul ing and/or 

fat adsorption. 

The presence of fat should not alter the water acti vity (Walstra et al . ,  2006) ;  

therefore, the decreasing total flux was not  due to a change in  driv ing force.  
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Figure 7-3: Percentage reduction in total flux after two hours, for various fat levels at 30°C 
and 2 kPa. Data points are the mean (± standard error) of three replicates. R2 

= 0.58. 
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7 .3 . 1 .2 Volat i le  compounds natural ly present in cream 

Cream was used mere ly  as a source of fat rather than as a source of flavour 

compounds. However, the permeate col lected from blank runs, carried out wi th a 

feed of pure cream, contained low levels of most of the flavour compounds 

included in the model feed solution (0- 1 2% of their concentrat ions in the standard 

mUl ticomponent feed). Table 7-2 gives the concentration of each compound in the 

permeate from blank cream. 

Except for these blank cream runs, feed solutions contain ing cream were spiked 

with the model flavour compounds. In order to compare pervaporation runs with 

different cream levels in the feed, the i ndividual compound f1uxes reported in  this 

chapter represent the flux contribution from only the spiked portion of each 

flavour compound, excluding the flux contribution from the flavour compounds 

natural ly  present in cream. The concentrations in  Table 7-2 were mult ipl ied by the 

percentage of cream in  each feed solution, then subtracted from the measured 

permeate concentrations of each compound, to give the permeate concentration of 

only the spiked portion of each flavour compound. These calculated 

concentrat ions were used to determine the indiv idual f1uxes. 

7 . 3 . 1 .3 Effect of fat on flavour compound driv ing forces 

Partitioning offlavour compounds between fat and water 

Part i t ion coeffic ients between the fat and water phases, with various levels of fat 

in the feed solution, are shown in  Figure 7-4. Partit ion coefficients were defined 

as the ratio of each flavour compound' s  concentration in the fat phase to i ts 

Table 7-2: Concentrations of model solution compounds in permeate from 100% cream 
(38 % w/v fat). Pervaporation conditions: 30°C feed temperature; 2 kPa permeate pressure. 
Data are means (+ standard error) of three replicates, using different batches of cream. 

Compound Permeate concentration (mg kg-I
) 

2-Heptanone 0.0 ± 0.0 
2-Nonanone 0.4 ± 0. 1 
Acetic acid 1 2 .7  ± 1 .0 
Butanoic acid 1 .8 ± 0.5 
Hexanoic acid 7 .7  ± 3 .4 
Octanoic acid 1 1 .2 ± 1 .0 
Ethyl butanoate 0.7 ± 0.2 
Ethyl hexanoate 2 .5  ± 0.3 
Ethyl octanoate 0.8 ± 0.2 
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Figure 7-4 : Fat/water partition coefficients for (a)  ketones, ( b )  esters and (c)  acids, in 

solutions with various amounts of fat. Data points are the mean (± standard error) of three 
replicates. 
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concentration In  the aqueous phase. H igher part i t ion coefficients i ndicated a 

greater affinity for the fat phase; for example, a partit ion coefficient of 1 0  means 

that the concentration in the fat phase was 1 0  times the concentration in the 

aqueous  phase. 

Esters had the greatest part i tion coefficients, fol lowed by ketones then acids, 

reflecting the re lative hydrophobicit ies of these compounds. The l arger the 

compound within a homologous series, the more hydrophobic i t  is ;  this is 

reflected in Figure 7-4, i n  which larger compounds general ly  had greater partit ion 

coefficients than smal ler compounds. Some errors may have been introduced with 

the 5% fat resul ts, as i t  was difficul t  to completely separate this smal l amount of 

fat from the aqueous phase before analysis .  This  i s  shown with the l arge standard 

errors at 5% fat . 

The partit ion coefficients of acids decreased as the fat level increased, meaning 

that relat ively less of each acid was dissolved in  the fat phase in  high-fat feeds. 

This resu l t  was most probably due to the pH differences between the feed 

solutions. The pH levels of selected fat-containing feed solutions are given in  

Table  7 -3 ,  showing that the  addit ion of fat ( in the form of cream) made the  feed 

solution less acidic. The h igher the pH,  the greater the proportion of each acid in  

i t s  dissociated form. The dissociated form is  charged, and hence has a greater 

affinity for water and a lower affin ity for fat compared to the undissociated acid. 

The parti tion coefficients of the esters and ketones did not fol low any obvious 

trends with respect to the fat leve l .  

The absolu te amounts of most flavour compounds in the fat phase increased with 

increasing fat level ,  because there was more fat avai l able to dissolve these 

compounds. Therefore, the concentration of each compound which was not 

Table 7-3: pH values of model feed solutions containing flavour compounds and various 
amounts of cream. 

Fat level ( %  w/v) 
o 
5 
1 0  
20 
3 8  

1 46 

pH 
3 .5  
4 .8 
5 .5  
6. 1 
6 . 1 
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associated with fat , and hence was avai lable for pervaporation, general l y  

decreased a s  the amount of fat i ncreased (Figure 7-5) .  There were some anomal ies 

at 5% fat with ketones, which were probably  caused by the experimental error 

mentioned earl ier. As flavour compound volat i l i t ies tend to be much lower in fat 

than i n  water (Landy et al . ,  1 996; Meynier et al . ,  2003) ,  the portion dissolved in  

the fat phase should no t  contribute significantl y  to  the vapour pressure, and 

therefore the driving force for each compound would main ly  be determined by 

thi s  avai lable concentrat ion.  

Effect of fat on flavour compound vapour pressures 

Figure 7-6 shows how the level of fat in the feed sol ution affected the partial 

vapour pressures of flavour compounds. As mentioned in Section 7 .2 .2 ,  the 

absol ute values of these partial vapour pressures are approximate because the total 

vapour pressure was not known exactly, but the measured values are correct 

relat ive to each other. The pervaporation driving force can be approximated by the 

partial pressure difference across the membrane; the h igher the partial vapour 

pressure of a volati le component in  the feed, the higher i ts driv ing force .  

Vapour pressures of ketones and esters (Figure 7 -6a and b) decreased as  the fat 

level increased, confirming that, as more of each compound part i t ioned into the 

fat phase, less was avai lable to contribute to the dri ving force. A s imi lar finding 

was reported by Meynier et al . (2003), who measured the volat i l i ty of five esters 

and aldehydes in water, skim mi lk, anhydrous mi lk fat and cream. They observed 

that air/cream part i t ion coeffic ients were 94-99% lower than the air/water 

partit ion coefficients, indicat ing that the flavour compounds were less volatile i n  

cream than in  water. 

Unl ike esters and ketones, vapour pressures of all acids, except acetic acid, 

changed very l i tt le between 0% and 38% fat (Figure 7-6c) .  This result agrees with 

Roberts & Acree ( 1 996), who found that the volati l i ty of butanoic acid was 

s imi lar in both water and an oil/water matrix .  For one replicate, an anomalously 

h igh vapour pressure was recorded for acetic acid at 38% fat, but its average 

vapour pressure at 38% fat was within standard error l i mi ts of the other fat levels .  
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Figure 7-5: Available concentrations (concentration of each compound not associated with 

fat) of (a) ketones, (b) esters and (c) acids, in feed solutions with various levels of fat. Data 
are means (± standard error) of three replicates, except for 0% fat, in which the available 

concentration is the actual amount added to the solution, 
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The partial vapour pressure of each compound depends on its concentrat ion,  

which is  why ethyl butanoate and ethyl hexanoate (approximately 1 00 ppm each) 

had much h igher partial vapour pressures than ethyl octanoate and the ketones 

(approxi mate ly  I O  ppm each) .  Al though acids were approximately I O  times more 

concentrated than ketones, their vapour pressures were in  the same range, 

reflecting their lower volat i l ity. Notwithstanding the concentration differences, 

vapour pressures decreased with increasing carbon chain length within each 

functional group, except that the three largest acids al l  had s imi lar vapour 

pressures. 

7 .3 . 1 .4 Effect of fat on flavour compound fluxes and enrichment factors 

With increasing fat levels, flavour compound fluxes (Figure 7-7) decreased by a 

proportional l y  greater amount than the total flux (Figure 7-2) .  The fl ux of each 

flavour compound decreased sharply when small amounts of fat were added to the 

feed, then l evel led off as the fat level was increased. As the fat had a greater 

impact on the flavour compound fluxes than on the water flux ,  even low levels of 

fat were detrimental to the enrichment factors (Figure 7-8) .  The exception was 

octanoic ac id,  for which the flux and enrichment did not change much in the 

presence of fat. 

At fat levels of 1 0% and higher, only 2-heptanone and ethyl butanoate could be 

concentrated using pervaporat ion;  the enrichment factors of al l the other 

compounds had decreased to less than one. These resul ts confirm Baudot & 

Marin ' s  ( 1 996) prediction that fat would reduce the pervaporation yield of 

hydrophobic compounds. 
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Table 7-4 shows the relative i mpact of each fat level on the enrichment of each 

flavour compound, compared with their enrichment in a fat-free feed solution. 

W ithin the esters and ketones homologous series, the fat had a greater effect on 

the larger compounds. Acids, however, showed no such trend. These results 

reflect the effect of fat on partial vapour pressures of different sized compounds 

with the same functional group (Figure 7-6), showing that fat reduced the fluxes 

and enrichment factors of larger, more hydrophobic, esters and ketones by 

lowering their driving forces. 

Other researchers have seen sim i lar trends to those in Figures 7-7 and 7-8, in  the 

context of flavour sorption into polymers (analogous to the first step in  

pervaporation) .  van Wi l l ige et  al . (2000a) showed that the sorption of four flavour 

compounds into l inear low-density polyethylene was decreased when they added 

gl ycerol trioctanoate/glycerol tridecanoate o i l  (up to 5% w/v) to the aqueous 

flavour mixture. The general trend of sorpt ion versus fat level reflected the trends 

shown in Figure 7-7 and Figure 7-8, although they found that the sorption of ethyl 

2-methylbutanoate increased at very low oil concentrations, then decreased again 

as the o i l  level was increased. Compounds of low polarity were more attracted to 

the o i l ,  so their sorption was affected by oi l  to a greater extent than more polar 

compounds (van Wi l l ige et aI . ,  2000a). Nielsen et al .  ( 1 992) also investigated 

sorption of flavours into low-density polyethylene, from a solution either i n  water 

or in o l ive o i l .  Some compounds (aldehydes and large esters) were retained in the 

o i l  to a greater extent than in the water. However, they found the opposite effect 

Table 7-4: Percentage reduction in enrichment factors3 caused by various levels of fat (mean 
of three measurements at 30°C feed tem�erature and 2 kPa eermeate �ressure). 
Compound Molecular Reduction in enrichment factor ( % )  

weight (compared with a feed solution containing no fat )  
(g mol-I ) 

2-Heptanone 1 1 4 
2-Nonanone 1 42 

.... -... -.•. -- ....................................................... -.--_ ... __ .. _._-

Ethyl butanoate 
Ethyl hexanoate 
Ethyl o�.�.�.�.�'.':!.� ..... 
Acetic acid 
B u tanoic acid 
Hexanoic acid 
Octanoic acid 

1 1 6 
1 44 
1 72 

.............. _--_ .... 

60 
88 

1 1 6 
1 44 

0.5% fat 
1 3  
44 
1 8  
43 
85 
29 
23 
1 4  

-53 

1 %  fat 5 %  fat 1 0% fat 20% fat 38% fat 

29 5 1  67 75 89 
64 73  85  86  93  

30  49 63  72  88 
63 73 85 86 94 

82 88 94 94 88 

3 1  65 78 82 94 
29 74 92 93 94 

20 68 83 88 95 
-82 -56 0 -36 -87 

a 01 R d · (enrichment factor with no fat )  - (enrichment factor with statecl fat level ) 
1 00 -;0 e uctlOn = x 

(enrichment factor with no fat )  
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for smal ler, more hydrophi l ic, esters and alcohols. Therefore, although fat 

decreased the fluxes of all compounds tested in the current study, this may not be 

the case wi th different compounds and membrane types. 

The effect of fat on pervaporation performance (Figures 7-7 and 7-8) is at least 

partly  due to i ts lowering of the flavour compound driv ing forces, which was 

presented in the previous section. As the fat level increased, the available 

concentration of each compound decreased (Figure 7-5), and consequently the 

partial vapour pressure decreased also (Figure 7-6). To account for the changing 

driving force, flavour compound fluxes were divided by the measured partial 

vapour pressures (Figure 7-9), which gives an approximation of the mass transfer 

coeffic ient or membrane permeab i l i ty for each compound. 

As the mass transfer coefficients were not constant across all fat levels, i t  can be 

inferred from Figure 7-9 that the driv ing force was not the only reason that the 

added fat decreased the flavour compound fluxes. For esters and ketones, the 

driving force decreased as the fat level increased, but the mass transfer 

coeffic ients general ly  i ncreased. This means that there was less resistance to mass 

transfer at h igher fat levels . A possible reason is  that at h igher fat levels ,  the 

fluxes were lower, so there was less competit ion between permeants .  For acids, 

the driving force remained constant across al l fat levels, but the mass transfer 

coeffic ients decreased as the fat level i ncreased (except for octanoic acid,  for 

which the mass transfer coefficient remained constant) .  This resu l t  can be 

explained by pH differences. As described in  Chapter 5 ,  increasing the feed pH 

from 3 . 5  (corresponding to the feed solution with 0% fat) to 4.8 or h igher 

(corresponding to feed solutions with 5% fat or more) reduced the fluxes of acetic 

acid, butanoic acid and hexanoic acid by more than half, even without any fat. 

Despite these differences in  the mass transfer res istance at different fat levels, the 

effect of fat on the driv ing force of each flavour compound was the main cause of 

the flux decrease with i ncreasing fat level .  Therefore, in  many cases the flux could 

be estimated by mUl tiplying the mass transfer coeffic ient of each compound, 

determined at 0% fat, by the calculated driving force at each fat leve l .  Figure 7- 1 0  

shows the correlat ion between the fluxes estimated i n  this way, and measured 

fluxes; fluxes could be predicted wel l for esters, but predictions were not always 
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accurate for ketones or acids. The driving force (dj) of each compound was 

defined as the difference in act iv ity between the feed and permeate sides of the 

membrane: 

dif 
Pi." = x' ! 'Y r - -

I ,  I "  0 
Pi 

(7- 1 )  

where Xi,f i s  the avai lable concentration of compound i i n  the feed, expressed as a 

mole fraction (for acids, this was defined as the avai lable concentration in  the 

undi ssociated form, determined from the pH of each feed sol ution and the pKa of 

each acid) ,  }1,f is the act ivi ty coefficient of compound i in the feed, Pip is the 

part ial pressure of compound i on the permeate side of the membrane, and p� is 

the saturated vapour pressure of compound i. Calculations are given in Appendix 

B .  

7 .3 ,  1 ,5 Effect of operat ing conditions on pervaporat ion of fat-containing feeds 

Feed temperature 

In the absence of fat , individual compound fluxes i ncreased markedly with 

increasing temperature, as was pre ented in  Chapter 5 .  However, when fat was 

present in the feed, the increase of flux with temperature was much smaller 

(Figure 7- 1 1 ), and the fluxes of 2-heptanone, ethyl butanoate and ethyl hexanoate 

actual l y  decreased between 30°C and 40°C, 

M ilk fat consists of a mixture of triglycerides and other l ipids; at temperatures 

between -35°C and +35°C, some of the fat is l iquid and the remainder is sol id 

(Walstra et al . ,  2006), At h igher temperatures, a greater proportion of the fat is  

l iquid, and l iquid oi ls have been found to retain more flavours than sol id fat 

(Matheis, 1 998) .  Hydrophobic interactions occur to a greater extent at h igher 

temperatures, causing more flavours to be retained in the fat (Nongon ierma et al . ,  

2006). Therefore, the expected increase in flux a t  higher temperatures was offset 

by the reduction in the driving force caused by increased retention of flavours at 
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20% fat. 

1 58 



Effect of non-volat i le dairy components 

Permeate pressure 

Figure 7- 1 2  shows the effect  of permeate pressure on pervaporat ion f1uxes with 

feeds containing either no fat or 20% fat. Increas ing the permeate pressure from 

0.9 kPa to 2 kPa lowered the driving force of each compound, causing a reduction 

in  their f1uxes. The percentage difference between the two permeate pressures was 

s imi lar whether or not the feed contained fat. Therefore, the permeate pressure did 

not seem to influence the interactions of fat with flavour compounds . 

As discussed in  Section 7 .3 . 1 . 3 ,  the presence of fat reduced the driv ing force of 

flavour compounds. To compensate for this, the driving force could be increased 

by lowering the permeate pressure. Figure 7- 1 2  shows that the f1uxes of all 

compounds except butanoic acid, in the presence of 20% fat, could be increased to 

the f1uxes achieved without fat, by decreasing the permeate pressure from 2 kPa to 

0.9 kPa. 
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Figure 7- 12: Comparison of individual fluxes at with and without fat at two permeate 
pressures (feed temperature 20°C). Data are means (± standard error) of three replicates. 
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7.3.2 Effect of milk protein on pervaporation 

7 .3 .2 . 1 Effect of protein on flavour compound vapour pressures 

Figure 7- 1 3  shows how the partial vapour pressures of flavour compounds were 

affected by the addition of 4% mi lk  protein isolate to the feed sol ut ion.  The added 

protein decreased the vapour pressures, and hence the driving forces, of esters, 

ketones and octanoic acid by 56-94%, but increased the vapour pressures of 

acetic acid and butanoic acid,  and did not affect the vapour pressure of hexanoic 

acid.  M i lk  proteins are known to bind to both esters and ketones (Klihn et aI . ,  

2006), which is  consistent wi th the  data i n  Figure 7- 1 3 . 

For esters and ketones, the effect of protein depended on the carbon chain length 

of the flavour compound. Protein caused the vapour pressure to decrease 

(compared with vapour pressures above a protein-free sol ution) by 72%, 82% and 

94% respectively for ethyl butanoate, ethyl hexanoate and ethyl octanoate, and by 

6 1  % and 74% respectively for 2-heptanone and 2-nonanone. Other researchers 

have also found that mi lk  proteins bound larger compounds to a greater extent 

than small compounds in  the same homologous series (Landy et aI . ,  1 995,  1 996; 
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Figure 7- 13 :  Effect of added protein on partial vapour pressures of flavour compounds 
(measured at 20°C; mean ± standard error of two replicates). 
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KUhn et al . ,  2006; Nongonierma et al . ,  2006) .  For example, Nongonierma et al . 

(2006) found that the volat i l i t ies of ethyl butanoate , ethyl hexanoate and ethyl 

octanoate at l Ooe in a non-fat milk gel (4.5% protein )  were reduced by 4%, 35% 

and 85% respect ively compared with their volat i l i t ies in an  aqueous solution. The 

reason was that the hydrophobic in teractions between the protein and the flavour 

compound occured to a greater extent with longer-chain ,  more hydrophobic 

flavour compounds than with smal ler, more hydrophi l ic compounds 

(Nongonierma et al . ,  2006) .  

Only the largest ac id tested was bound by protein in suffic ient amounts to  reduce 

its vapour pressure (Figure 7- 1 3 ) ,  which is consistent with the above discussion. 

Mi lk  proteins are known to bind long-chain fatty ac ids (KUhn et al . ,  2006), but 

short-chain acids are more hydrophil ic, and hence should not take part in 

hydrophobic b inding. The reason that milk protein i solate increased the vapour 

pressure of smal l ,  hydrophi l ic acids was probably a salti ng-out effect .  Apart from 

protein,  mi lk protein i solate also contains small amounts of minerals and sugars, 

both of which may affect the flavour compound volati l it ies. 

7 .3 .2 .2 Effect of protein on fluxes and enrichment factors 

With 4% mi lk  prote in isolate in the feed, the total flux  was 440 ± 30 mg m-2 S- I 

with no fat, or 370 ± 1 0  mg m-2 S- I with 20% fat .  These total fl uxes were 

statistical ly  s imi lar to the total fluxes for feeds wi thout protein,  which means that 

the protein  did not cause enough foul ing to significant ly affect the total fl ux ,  nor 

did i t  alter the feed water act iv ity enough to reduce the driving force for water. 

Figures 7- 1 4  and 7- 1 5  show how the fluxes and enrichment factors of each 

flavour compound were affected by adding 4% mi lk protein  isolate to the feed, in 

the presence or absence of 20% fat .  In the absence of fat (the blue bars on Figures 

7- 1 4  and 7- 1 5 ) ,  the protein reduced the fluxes of acids by 5 1 -96%, the smal lest 

ester by 4 1  % and the smal lest ketone by 3 1  %. Enrichment factors were reduced 

by s imi lar amounts. 

If the effect of protein was purely due to a reduced driving force as a result  of 

flavour binding, flavour compound fluxes with and without protein  would fol low 

a s imi lar pattern to the vapour pressures in Figure 7- 1 3 . This is  c learly not the 
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Figure 7-14:  Effect of 4% milk protein isolate on f1uxes of (a) ketones, (b )  esters and (c) acids, 
in the presence or absence of 20 % fat. Data are means (± standard error) of three replicates. 
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case. For esters and ketones, protein  had a greater effect  on the vapour 

pressures of l arger compounds, but affected the flux and enrichment of only the 

smaller compounds. Protein reduced the vapour pressure of only the l argest acid,  

but reduced the fluxes and enrichment factors of al l acids, especial ly  those with 

low molecular weights. 

The result  for acids can be attributed to pH differences; the feed pH was 6.3 with 

4% mi lk  protein isolate, compared with 3 .5  for the standard aqueous feed 

solut ion. As explai ned i n  Chapter 5, the acids were mostl y  in  the dissociated form 

at the h igher pH, so their fluxes were lower. 

The differen t  behaviour between large and smal l esters and ketones is best 

explained by the mass transfer mechan ism. Mass transfer in pervaporation 

involves permeant molecules first being transported to and sorbing into the 

membrane, fol lowed by diffusion through the membrane. As the protei n  was only 

presen t  on the feed s ide of the membrane, i t  would affect the sorption step only 

(flavour molecules that are bound to the protein cannot enter the membrane).  In 

Chapter 5 ,  i t  was discussed how smal ler, more hydrophi l ic compounds have lower 

sorption coefficients but h igher diffusion coefficients than larger compounds. 

Therefore, smal ler compounds are more l ikely to be sorption-l imi ted, and larger 

compounds are more l ikely to be diffusion-l imi ted. If diffusion through the 

membrane is the rate-l imi t ing step, then the flux  should not be affected by how 

much the protein slows down transport and sorption on the feed side, provided 

that the rate of molecules sorbing in the membrane does not become s lower than 

the rate of diffusion. Hence, even though the protein bound larger compounds to a 

greater extent ,  this b inding affected the fluxes of only the smal lest esters and 

ketones, for which sorption was the rate- l imit ing factor for mass transfer. 

Aroujal ian et a! . (2003) found that 1 0  g L - I soy protein did not significantly affect 

the flux or selectivi ty during pervaporation of an ethanol/water mixture. Soy 

proteins are known to bind alcohols (Chung & Vi llota, 1 989), but it i s  unl ikely 

that this level of protei n  bound enough of the 2% ethanol to see a significant 

effect. Assuming a molecular weight  of at least 1 50 000 g mol- I for soy protein 

(Fukushima, 2004), Aroujal ian et al . ' s  (2003) feed solution contained 

7 x 1 0-5 mol L - I protein and 0.43 mol L-1 ethano l .  Soy protein has been found to 

contain 1 8  to 40 binding s i tes for n-butanol and n-hexanol per protein molecule 
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(Chung & Vi l lota, 1 989);  assuming i t  has a s imi lar number of binding s i tes for 

ethanol , the protein  in  Aroujal ian et a1 . ' s  (2003) feed solution would have bound 

less than 1 %  of the ethanol present .  In contrast, Figure 7- 1 3  shows that 4% mi lk  

protein isolate bound the flavour compounds in  the present study by up to 94%, as 

measured by the reduction in their vapour pressures.  

van Wi l l ige et a1 . (2000a, 2000b) investigated the effect of mi lk proteins,  skim 

milk and whole mi lk on the sorption of flavour compounds into l inear low-density 

polyethylene. Sorpt ion was decreased if the flavour compound bound to mi lk  

protei ns, which is  consistent with the findings in the current study. van Wi l l ige e t  

a1 . (2000a, 2000b) found that the effect depended on both the  flavour compound 

and the type of mi lk  protein .  

7 .3 .2 .3  Combined effect of protein and fat 

A comparison of the l ight and dark green bars on Figures 7- 1 4  and 7- 1 5 shows the 

effect of protein on f1uxes and enrichment factors, in the presence of 20% fat .  

Wi th 20% fat in  the feed solution, Figures 7 - 1 4a & b and 7 - 1 5a & b show that 

adding 4% mi lk protein isolate caused ester and ketone f1uxes and enrichment 

factors to decrease by around 50% from their values with a feed solution 

containing 20% fat but no protein,  except for ethyl octanoate, for which the added 

protein made no difference. Likewise, protein ( in  the presence of fat)  reduced the 

f1uxes and enrichment factors of acids by more than 89%, except for butanoic 

acid, for which the flux increased s l ightly (Figures 7- 1 4c and 7- 1 5c) .  Protein 

therefore had a greater effect on the f1uxes of most flavour compounds when fat 

was also present in the feed solut ion. 

As noted earl ier, protein reduced the f1uxes and enrichment factors of only those 

esters and ketones for which sorption was the rate- l i mit ing factor for mass transfer 

(2-heptanone and ethyl butanoate). When fat was added to the feed solution, i t  

reduced the sorption of flavour compounds by increasing their affin i ty for the feed 

solution compared with the membrane. Therefore, it is plausible that, in a fat

containing feed solution, sorption could become the rate- l imi ting factor for 

2-nonanone and ethyl hexanoate in addition to the smal ler compounds. Hence, the 

protein  decreased the f1uxes and enrichment factors of the four smallest esters and 

ketones if  fat was present, compared to only the two smallest if  no fat was present. 
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Protein  can also reduce the rate at which flavour compounds transfer from the fat 

phase to the water phase (Guichard & Langourieux, 2000). 

The feed mix ture with 20% fat had a s imi lar pH to the feed mixture with 4% mi lk  

protei n  i solate (pH 6. 1 and 6 .3 respectively) .  The proportion of  each acid  i n  the 

undissociated form differed by only 1 .5-2. 1 % between these two pH values. 

Therefore, in  the presence of fat, the influence of protein on pervaporation of 

acids was no longer dominated by pH effects, as i t  was in the absence of fat 

(Section 7 .3 .2 .2) .  Instead, in teractions between the acids and the protei n  must 

have caused the large decreases in  the f1uxes and enrichment factors of three of 

the four acids, when protein was added to a feed sol ution that contained 20% fat 

(third and fourth bars for each compound i n  Figures 7 - 1 4c and 7 - 1 5c) .  

At first, th is  explanation appears to contradict the results in  Figure 7- 1 3 , which 

showed that octanoic acid was the only ac id bound by 4% milk protein  i solate in a 

feed solution with no fat. However, Mi l l s  & Solms ( 1 984) have shown that mi lk  

fat can increase the b inding of some flavour compounds to mi lk prote in .  Al though 

Figure 7- 1 3  shows that acetic acid and hexanoic acid did not noticeably bind to 

protein in  the absence of fat, it is possible that binding to protein  did occur in  the 

presence of fat, thus causing their f1uxes and enrichment factors to be lower in a 

feed solution with fat plus protein  than with fat only (Figures 7- 1 4c and 7- 1 5c) . 

The feed solution containing both protei n  and fat caused a greater reduction in  

flavour compound f1uxes and enrichment factors than the feed solutions 

containing only fat or only protein ,  for al l  compounds except butanoic acid and 

ethyl octanoate. Therefore, both protei n  and fat interacted with the flavour 

compounds, and their  effects were addit ive. Hansen & Booker ( 1 996) also found 

that both flavour b inding by protein  and part i tion ing into the fat phase occurred, 

when they studied how vani l l i n  part i tioned between the fat, casein and whey 

fractions of ice cream ( 1 0% fat) .  The fat phase contained 37% of the van i l l i n  and 

the casei n  contained 1 1  % ,  with the remainder in the whey. 

Nevertheless,  comparing the middle two bars for each compound in Figures 7 - 1 4a 

& b and 7 - 1 5a & b, the effect of fat on f1uxes and enrichment factors of esters and 

ketones was general ly  much greater than the effect of protein .  Thi s  is consistent 

with studies on the release of flavour compounds from mi lks or mi lk  gel s  (Roberts 
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& Pol l ien, 2000; Nongon ierma et ai . ,  2006) and on sorption of flavours into l i near 

low-density polyethylene (van Wi l l ige et ai . ,  2000a) . Results for acids (Figures 

7- 1 4c and 7- 1 Sc)  appear to contradict these findings, as feed solutions containing 

e ither fat or protein  tended to give s imi lar results .  However, as stated earl ier, both 

20% fat and 4% mi lk protein isolate caused the pH to increase by a s imi lar 

amount, which reduced the permeation of acids compared with an aqueous feed 

sol ution. 

7.3.3 Effect of lactose on pervaporation 

7 .3 .3 . 1 Effect of lactose on flavour compound vapour pressures 

Figure 7- 1 6  shows how added lactose affected the vapour pressure of each flavour 

compound. The pattern is  very s imi lar to the effect of protein in Figure 7- 1 3 , with 

the vapour pressures of esters and ketones being diminished by 6 1 -94%, and the 

vapour pressures of ac ids being either increased or decreased, depending on their 

molecular weight. 
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Lactose is known to bind certain flavour compounds ( Kel lam,  1 998),  but the 

mechanism of flavour b inding by sugars is  unc lear (Solms & Guggenbueh l ,  1 990; 

Matheis ,  1 998;  Reinecc ius, 2006) .  Lactose, l ike al l sugars, contains hydroxyl 

groups which can hydrogen-bond wi th other compounds. However, this does not 

explain why i t  had a greater negative influence on long-chain compounds, which 

are more hydrophobic than smaller compounds. The most plausible explanation 

paral le ls a hypothesis for the same effect with sucrose: when the sugar is 

di ssolved, the solution becomes more hydrophobic, and hence more favourable to 

hydrophobic flavour compounds and less favourable  to short-chain,  hydrophi l i c  

compounds (Reinecc ius, 2006) .  

7 .3 .3 .2  Effect of lactose on fluxes and enrichment factors 

Like prote in ,  lactose (6% or 1 2% edible grade, or 6% extra pure grade) did not 

have a significant effect on the total flux,  but did i nfluence the individual fluxes 

and enrichment factors of most flavour compounds (Figures 7- 1 7  and 7 - 1 8) .  Wi th 

edible grade lactose (the blue bars on Figures 7- 1 7  and 7- 1 8 ) ,  fluxes of the smaller 

flavour compounds (2-heptanone, ethyl butanoate, acet ic acid, butanoic acid and 

hexanoic acid) decreased with increasing l actose concentrat ion. Edible grade 

lactose had a lesser effect on the fluxes of larger compounds (2-nonanone, ethyl 

hexanoate, ethyl octanoate and octanoic ac id) ; their fluxes increased or did not 

change (within standard error l imits) between 0% and 6% edible grade lactose, 

then decreased or stayed the same between 6% and 1 2%.  

These results paralle l  the findings with protein in  the feed solution (Section 7 . 3 .2) ,  

and can therefore be explai ned i n  the same way. Although Figure 7- 1 6  shows that 

lactose bound larger flavour compounds to a greater extent, it only reduced the 

fluxes and enrichment factors of smaller compounds, for which sorption i nto the 

membrane was the rate- l im it ing factor for mass transfer. However, it is  less c lear 

why lactose increased the vapour pressures of the three smallest acids, yet it 

decreased their fluxes and enrichment factors. Un l ike prote in ,  l actose affected the 

feed pH only s l ightly (the feed solution with 6% edible grade lactose had a pH of 

3 .9 ,  compared with 3 .5 for the standard aqueous feed), but this small difference 

may sti l l  have caused the fluxes of acids to decrease. 
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Figure 7- 17 :  Effect of edible grade and extra pure lactose on the fluxes of (a) ketones, (b)  
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Other researchers have found that sugars and sugar alcohols may have posi t ive, 

negat ive or neutral effects on pervaporation. Aroujal ian et al . (2006) studied the 

effects of glucose and xylose on pervaporation of a 2% ethanol/water solution. 

Both sugars caused the total flux to decrease, with the effect being greater at high 

permeate pressures . G lucose also lowered the ethanol select iv i ty, but  xylose 

increased the selectiv i ty under certain conditions. Ikegami et al. ( 1 999) also found 

that g lucose, lactose, myo-inositol and xyl itol al l  caused the total flux of an 

ethanol/water solution to decrease. Glucose, lac tose and myo-inositol caused a 

s l ight decrease in  the ethanol flux and a larger decrease in  the water flux ,  resul t ing 

in an increased separation factor. However, xy l i tol caused the ethanol flux to 

decrease more than the water flux ,  so that the select iv i ty was lowered. In contrast, 

lactose did not significantly affect the flux or select ivi ty of methylthiobutanoate 

(Baudot et aI . ,  1 996) or diacetyl (Rajagopalan et aI . ,  1 994) . These results suggest 

that the effect of sugars on pervaporat ion may depend on the operat ing conditions 

and type of permeant as well as the type of sugar. 

Aroujal ian et al. (2006)  explained the flux decrease in terms of sugars i ncreasing 

the vapour pressure of ethanol and decreas ing the vapour pressure of water. 

Although a higher sel ect ivi ty would be normal l y  be expected if this were the case, 

they explained that the addition of sugars raised the ethanol concentrat ion in the 

PDMS membrane, causing the select ivi ty to be lowered in some instances due to 

membrane plasticisat ion.  Unl ike Aroujal ian et al . (2006), Ikegami et al . ( 1 999) 

assumed that sugars reduced water sorption into the s i l ical i te membrane, rather 

than affect ing the vapour pressure in the feed. 

Two grades of lactose were compared at the 6% level (Figures 7- 1 7  and 7- 1 8) .  

Ester and ketone fluxes and enrichment factors were 3 3-70% higher with edible 

grade than with extra pure grade, but both grades gave s imi lar results for acids. 

Some of the non-lactose components in  whey, such as riboflavin ,  l actose 

phosphates and lactic acid,  are known to bind to lactose crystal s (Kel lam, 1 998) .  

These impurities in  the edible grade lactose may have associated with the lactose 

in the feed solution, causing its ester- and ketone-binding capacity to decrease 

relat i ve to extra pure grade lactose . A possible reason for the acid fluxes not 

depending on the grade of lactose is that lactose bound the i mpurit ies in 

preference to esters and ketones, but bound the acids in preference to i mpuri t ies.  
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This hypothesis IS plausible because acids have greater hydrogen-bonding 

capaci ties than esters or ketones, and hence may b ind to lactose via a different 

mechanism. 

7 .3 . 3 . 3  Combined effect of  lactose and fat 

Figures 7- 1 9  and 7-20 compare the effect of 6% edible grade l actose, i n  the 

presence or absence of 20% fat , on the fluxes and enrichment factors of flavour 

compounds. When 20% fat was present in the feed solution, lactose decreased the 

fluxes and enrichment factors of al l flavour compounds (although not beyond 

standard error l imits in the case of ethyl octanoate, butanoic acid and octanoic 

acid) .  This result  differs from feed solutions contain ing lactose but no fat (blue 

bars on Figures 7- 1 9  and 7-20), in  which the l actose reduced the fluxes and 

enrichment factors of only the smal ler compounds. The same explanation appl ies 

as for the combined effect of protei n  and fat (Section 7 .3 .2 . 3 ) ;  l actose affected the 

pervaporation performance for only those compounds for which sorption was the 

rate- l im it ing factor for mass transfer, and the presence of fat in the feed solution 

caused more compounds to be sorption- l imi ted rather than diffusion-l im i ted. 

7.4 General discussion 

In most cases, interactions between flavours and food components have been 

studied from a sensory perspective; if flavour compounds bind to non-volat i le  

substances, consumers' perception of these flavours wi l l  be reduced ( McGorrin & 

Leland, 1 996;  Lel and, 1 997) .  The same principle appl ies to pervaporation : 

flavours that are bound to non-volat i le  feed components wi l l  not be able to pass 

into the membrane. 

In pervaporation, the flux is the product of the driv ing force and the mass transfer 

coefficient .  Non-volat i le feed components affect both these factors, by altering the 

affin i ty of the permeant for the feed solution. This affects the feed-side activi ties 

and partial pressures of permeant compounds (which determine the driv ing force) 

and the part i t ioning of permeants between the feed solution and the membrane 

(the sorpt ion coefficient, which affects the mass transfer) . Through these 

1 72 



Effect of non-volati le dairy components 

0.0 

2-Heptanone 2-Nonanone 

8 0 . 1 5  

(b) 
,. 7 VI '" 

r r '\ ,. 
VI 

I N E 6 (5 E 
...:;. 5 )( � 4 "'C 
c: 

I 
E 

0. 1 0  (5 E 
...:;. )( � 
Cl) -:J nI 

0 3 Q. E 
0 
u 2 

0 
0.05 

c: 
nI 
ti 
0 .... 

:J 
0 
> nI 

>. 
.s::: -
W 

u::: 

0 0 .00 

Ethyl butanoate Ethyl hexanoate Ethyl octanoate 

0.35 

� ,. VI 0.30 '" I E � 0 .25 

� 
� 0.20 ;:: 
"'C c: i5 0 . 1 5  
Q. 
E 8 0 . 1 0  .... 
:J 
0 � 0 .05 
u::: 

0.00 

Acetic acid Butano ic acid Hexanoic acid Octanoic acid 

Figure 7- 19 :  Effect of 6% edible grade lactose on fluxes of (a) ketones, (b )  esters and (c )  
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mechanisms, the non-volat i le  dairy components tested in this study tended to 

reduce the effectiveness of pervaporation as a flavour concentration process. 

Out of the three non-volat i le  dairy components te ted (fat, protei n  and lactose), 

only fat had any effect on the total fl ux .  Therefore, protein  and lactose were not 

able  to reduce the feed s ide mass transfer under the conditions tested in  this study, 

mean ing that their effects on pervaporat ion performance were pure ly  due to their 

interactions with the flavour compounds. Fat, however, reduced the mass transfer 

on the feed side as well as reducing the amounts of flavour compounds avai lable 

for pervaporation. 

The addit ion of protein  (in the form of milk protein isolate) or fat ( in the form of 

cream) caused the feed pH to increase, thereby decreasing the f1uxes and 

enrichment factors of acids. This result  could potential ly  be reversed, or at least 

reduced, by manipu lat ing the feed pH. However, too low a pH could lead to 

denaturation of the proteins as the isoelectric point is  approached. Denaturation 

can ei ther increase or decrease the flavour binding capacity of proteins (Matheis, 

1 998;  KUhn et al . ,  2006) .  

Normal ly, the sorption coefficient in  pervaporation relates to  the partit ioning of 

flavour compounds between the membrane and the aqueous feed solution. When 

fat is  added to the feed, the flavour compounds need to distribute between three 

phases: the fat, the water and the membrane. The part i t ioning experiment in this 

study confirmed that hydrophobic compounds parti t ioned into the fat to a greater 

degree than hydrophi l ic compounds. This resulted in the f1uxes and enrichment 

factors of all flavour compounds tested, espec ial ly the more hydrophobic 

compound , being reduced in  the presence of fat. For this reason, pervaporation is 

only suitable for recoveri ng flavours from feeds containing high levels of fat if the 

permeate pressure can be lowered enough to compensate for the reduced driv ing 

force .  

Because i nteractions between the flavour compounds and the fat occurred to a 

greater degree at higher temperatures, the i ncrease in  f1uxes wi th i ncreasing 

temperature was min imal when the feed solution contained fat,  compared with a 

fat-free feed solution. Therefore, it wou ld probably be more economical to operate 

pervaporation at a lower temperature if the feed stream contains fat . The binding 
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of flavours to proteins can be infl uenced by  temperature (Matheis ,  1 998; KUhn et 

al . ,  2006) ,  so it i s  possible that added protein would al so modify how 

pervaporation fluxes are affected by  temperature .  

Each flavour compound was affected in  a s imi lar way by both pro tein and lactose, 

suggesting that both i nteracted with flavours via a b inding mechanism. However, 

b inding of a flavour compound to protein or lactose (as evidenced by the 

reduction in  that compound' s vapour pressure when protein or lac tose were 

present in the feed) did not automatical ly  mean that the flux or enrichment of that 

compound would be lowered. Added protein or lactose affected the sorption of 

permeants in to the membrane, but not their d iffusion through the membrane. 

Hence, these dairy components only reduced the fluxes and enrichment factors of 

flavour compounds for which sorption was the rate- l imi ting factor for mass 

transfer. 

When the feed solution contained fat as well as e i ther protei n  or lactose, the 

influence of fat dominated the effects of the other non-volati le feed components. 

The presence of fat affected sorption of the flavour compounds, meaning that 

more compounds were sorption- l imi ted rather than diffusion- l imi ted, compared 

with an aqueous feed solut ion. Hence, added fat i ncreased the number of flavour 

compounds for which protein or lac tose reduced the pervaporation performance. 

Protein and lactose both had a greater impact on the pervaporation performance of 

smal ler, sorption- l imi ted compounds than larger compounds, but fat had a greater 

effect on larger, more hydrophobic compounds. Thi finding presents an 

opportuni ty to manipulate the permeate composition by varying the non-volat i le  

components of the feed, al though this technique would need to be verified i n  an 

industrial sett ing. 

The results in  this chapter show that the composition of the feed mixture has a 

significant effect on flavour compound pervaporation.  For this reason, i n  some 

cases i t  could be benefic ial to combine pervaporation wi th other flavour recovery 

techniques, to first separate the flavours from the dairy matrix ,  fol lowed by 

concentration of the flavours us ing pervaporation. 
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With the exception of extra pure grade lactose, the non-volati le feed components 

tested in this study were not pure chemical compounds, but were chosen to reflect 

typical dairy systems. This means that other possible interactions with minor non

volat i le components may also have influenced the results. 
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Pervaporation of real dairy products 

8.1 Introduction 

To invest igate pervaporation of flavours in  a real-world s ituation, experiments 

were carried out using real dairy products as the feed. Two Fonterra flavour 

products, starter dist i l late and ester cream, were chosen.  

Starter dist i l late is  an aqueous product manufactured by fermenting a dairy 

medium with lactic acid bacteria, then dist i l l ing the flavours produced. Diacetyl 

(2,3-butanedione) is the main flavour compound in  starter disti l l ate . Diacetyl is a 

low molecular weight diketone (86.09 g mol- I ) with a buttery/caramel flavour, 

and is  a key flavour compound in dairy products such as butter and cultured mi lks 

(Schieberle et aI . ,  1 993;  Rajagopalan et aI . ,  1 994; Urbach ,  1 995;  Keen, 1 998) .  An 

i ngredient with increased buttery flavour could be created by combini ng starter 

dist i l late with natural diacetyl from another source. A potential alternat ive would 

be to concentrate the diacetyl using pervaporation, i nstead of adding extra 

diacetyl . 

The model feed solutions used in  previous chapters did not contain diacety l ,  but 

they contained two h igher molecular weight ketones (2-heptanone and 

2-nonanone). 

Ester cream is a h igh-fat l iquid product produced from the enzymatic reaction of 

ethanol with triglycerides found in  cream; this reaction produces many of the 

same flavour compounds as in  the model solutions used i n  previous chapters 

(ac ids and ethyl esters) as wel l  as longer-chain acids and esters which were not 

included in the model sol ution. Short-chain ethyl esters are best known for their 

fruity flavours, and are commonly found in  dairy products such as cheese, where 

their flavour contribution is posit ive at low concentrations but detrimental at h igh 

concentrations (Liu et aI . ,  2004) . However, the free fatty acids and long chain 

esters in ester cream are undesirable  because they give soapy, waxy and metal l ic 
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flavours (Keen, 1 998; Crow, 2005, personal communication). Pervaporation could 

potent ial ly  be used to fractionate this flavour mixture into desirable  and 

undesirable flavours. 

The pervaporation system used for the current study could concentrate esters by a 

factor of up to approximately 30 (Chapter 5) ,  with short-chain esters being 

concentrated to a greater extent than longer-chain esters under the conditions 

tested. PDMS and POMS membranes did not concentrate acids to a great degree, 

and in many cases the permeate was reduced in concentration of acids compared 

to the feed. Therefore, pervaporation using these membranes appeared to be an 

ideal method of concentrating the desirable flavours in ester cream, without 

concentrating the less desi rable  flavours from the acids and long chain esters. 

However, ester cream contains 20% fat ; ester enrichment factors with a model 

solution containing th is level of fat were reduced by more than 70%, compared 

with a non-fat feed (Chapter 7) .  

Few researchers have studied pervaporation as a means of concentrat ing flavours 

in a dairy-based feed. Sibeijn  et a! . (2004) found that most aldehydes and ketones 

they studied had lower pervaporat ion enrichment factors with a yoghurt 

fermentation than with an aqueous feed solution; they explained that this effect 

was partly  caused by concentrat ion differences between the two feed mixtures, but 

did not report how resul ts were influenced by non-volat i le substances in  the 

yoghurt. Rajagopalan et a!. ( 1 994) briefly reported trials with whey permeate and 

l actose as feed solutions, which were spiked with flavour compounds before 

pervaporat ion, rather than using pervaporation to concentrate flavours already 

present in the dairy product. Apart from flavour concentrat ion, several researchers 

have successfu l ly  used pervaporation to recover ethanol or butanol from microbial 

fermentations of lac tose-based dairy substrates (Shabtai & Mandel ,  1 993;  

Lewandowska & Kujawsk i ,  2007 ; Stan i szewski et  a! . ,  2007) .  

The object ive of this work was to conduct trials with both ester cream and starter 

di sti l l ate, in order to investigate the feas ibi l ity of pervaporation for concentrating 

and fractionat ing flavours in  dairy products. Where possible, results were 

compared to those with model feed solut ions. 
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8.2 Experimental 

8.2. 1 Pervaporation experiments 

Pervaporation runs were carried out in dupl icate at both 20DC and 40DC, following 

the procedure in Chapter 3 ,  wi th e i ther ester cream or starter dist i l l ate as the feed. 

The PDMS Type I membrane was used for al l  runs, with a permeate pressure of 

2 kPa. 

Wi th these feed mixtures, enrichment fac tors were calculated sl ightly differently 

from enrichment factors in  previous chapters. Ester cream enrichment factors 

were evaluated as the ratio of permeate concentration to retentate concentration 

(both averaged over the four hours of each run) .  The ester cream did not remain 

homogeneous during each run ;  the retentate represented the portion of the feed 

actual l y  flowing past the membrane on the feed side, so i t  was more val id to use 

the retentate concentration than the concentration in  the bulk feed. In starter 

dist i l late, the diacetyl enrichment factor was calculated in the same way as i n  

previous chapters (permeate concentration divided by feed concentration), bu t  the 

concentrations of other compounds were not measured, so their enrichment 

factors were estimated from the ratio of  their peak areas in  chromatograms of 

permeate and retentate samples. 

8.2.2 Extent of fat separation in ester cream 

During pervaporation runs with ester cream, a creamy layer rose to the top of the 

feed tank i nstead of being pumped past the membrane. To estimate the extent of 

th is  separation, three 0.8 mL retentate samples from each run (taken after zero, 

two and four hours) were centrifuged at 1 3  000 rpm for 3 min  i n  a Heraeus 

B iofuge Pico centrifuge (B io-Strategy Ltd, Auckland, New Zealand) .  The fat 

appeared as a l iquid layer, and i ts volume was v isual ly  compared with that of the 

aqueous phase. 
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8.3 Results and discussion 

8.3. 1 Pervaporation of starter distillate 

The main aim of starter dist i l late pervaporation was to concentrate diacetyl .  

Hence, this was the only compound quantified in  retentate and permeate samples. 

The average t ime zero retentate concentrat ion of diacetyl in  starter disti l late 

(equivalent to the feed concentration) was 2200 ± 400 mg kg- I , which agreed well 

with the concentration of 2.2 mg mL-1 reported by Fonterra (Crow, 2007, personal 

communicat ion) .  S tarter disti l l ate also contained many other flavour compounds, 

but GC chromatograms of starter disti l late extracts (using the method in Section 

3 .5 .4 ;  data not shown) indicated that the diacetyl peak was more than twice as 

l arge as any other peak, and contri buted an average of 42% of the total peak area 

(excluding the solvent peak) .  

8 . 3 . 1 . 1  Total flux 

Table 8- 1 l i sts the total fl ux achieved for starter disti l late at 20°C and 40°C. 

Diacetyl contributed approximately I % of the total fl ux ( 1 . 1 3  ± 0.02 mg m-2 S- I at 

20°C and 1 5  ± 7 mg m-2 S- I at 40°C) .  As diacetyl was the most abundant 

compound in starter disti l l ate, most of the remaining -99% can be considered to 

be water. Table 8- 1 also gives the total (water) flux of the standard 

mUlticomponent feed measured in Chapter 5 at the same operating conditions. 

Starter dist i l late and the aqueous model solut ion had s imi lar total fluxes (within 

standard error l imits) at 40°C, but at 20°C starter dist i l late had about double the 

total flux of the model solut ion. One reason for the difference between the two 

feed solutions at 20°C could be membrane plastici sation (swel l ing), caused by a 

high concentration of hydrophi l ic diacetyl molecules. When hydrophi l ic 

Table 8- 1 :  Comparison of total fluxesa between starter distillate and the standard 
mUlticomponent feed solution. 

Feed Total fluxb (mg m 2 s I) 
temperature 

(oC) Starter dist i l late Standard mult icomponent 
feed 

20 
40 

1 08 ± 6 
1 030 ± 80 

"Operating conditions: PDMS Type I membrane, 2 kPa permeate pressure 
bMean ± standard error of two repl icates 

1 8 1 

55 ± 2 
986 ± I 1  
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compounds plasticise a membrane, the membrane becomes more hydroph i l ic ,  and 

hence better able  to permeate water (Aroujal ian et aI . ,  2006) .  Plasticisation is not 

usual l y  an i ssue in flavour compound pervaporation, because it does not occur to a 

great extent in  rubbery polymers (Dole et aI . ,  2006) or at low feed concentrations 

typical of flavour systems (Peng et  aI . ,  2003 ; Pereira et aI . ,  2006). However, the 

concentrat ion of diacetyl in  starter dist i l late was 2200 mg kg- I , more than triple 

the total concentration of flavour compounds in  the model solution used in 

previous chapters. At  h igh concentrations l i ke this,  membrane plast icisation can 

occur. For example, Rajagopalan et aI. ( 1 994) found that high concentrations of 

diacetyl plasticised a PDMS-polycarbonate membrane, causing the total flux to be 

55% greater than expected when the diacetyl concentration was i ncreased from 

2000 mg L- 1 to 20,000 mg L-1
• In the current study, plasticisation was more 

noticeable at 20°C than at 40°C, probably because more hydrogen bonding occurs 

at lower temperatures (Liang & Ruckenstein ,  1 996). Diacetyl molecules sorbed in  

the membrane were thus  better able to  hydrogen-bond with water, thereby 

increasing the water flux ,  at the lower temperature. 

8 . 3 . 1 .2 Enrichment of diacetyl 

Table 8-2 gi ves the diacetyl enrichment factors obtained with a feed of starter 

disti l late, as wel l as the enrichment factors of the two ketones in the standard 

multicomponent feed solution at the same operating conditions (Chapter 5 ) .  Other 

researchers have also shown that diacetyl can be effectively concentrated using 

pervaporation.  Rajagopalan et aI . ( 1 994) achieved diacetyl enrichment factors of 

33-4 1 with a PDMS-polycarbonate copolymer membrane, a feed temperature of 

24-43 .5°C, and a permeate pressure of 0.7-2.5 kPa; and B audot & M arin ( 1 996) 

obtained enrichment factors of 1 2-2 1 using s i l ical i te-fi l led PDMS membranes and 

PEB A  membranes, a feed temperature of 30-50°C, and a permeate pressure of 

0. 1 9-2.5 kPa. 

Table 8-2: Corn arison of diacet I enrichment factora with model solution ketones. 

Feed Enrichment factor 
temperature Diacetyl 2-Heptanone 

(OC) (in starter (in model 

20 
40 

dist i l late) solution) 
4.8 ± 0. 1 1 9 .7 ± 0. 1 
6 .3 ± 2 .8  8 .5  ± 0.4 

"Operating conditions: PDMS Type I membrane, 2 kPa permeate pressure 
bMean ± standard error of 2-3 replicates 
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The above researchers achieved diacetyl enrichment factors several t imes greater 

than those in this study (Table 8-2), but the high enrichment factors were offset by 

much lower fluxes. At comparable temperatures to those in the current work, 

Baudot & Marin ( 1 996) and Rajagopalan et al . ( 1 994) obtained total fl uxes of less 

than 3 1  mg m-2 S- I . The higher fluxes and lower enrichment factors in  the present 

study are due to the different membranes used ; thin ,  h igh-flux  membranes 

general l y  have lower select iv i ty than membranes with thicker act ive layers 

(Baudot & Marin, 1 997) . Baudot & Marin ( 1 996) and Rajagopalan et al . ( \  994) 

used membranes that were more than 50 t imes thicker than those in the current 

study, as well  as having different polymer compositions. 

The smal ler of the two model solution ketones, 2-heptanone, had a greater 

enrichment factor than 2-nonanone (Table 8-2) .  Contrary to this trend, diacetyl ' s  

enrichment factor lay between those for 2-heptanone and 2-nonanone, al though 

diacetyl i s  a smal ler molecule than these two ketones; the molecular weights of 

diacetyl , 2-heptanone and 2-nonanone are 86.09 g mol- I , 1 1 4. 1 9  g mol- I and 

1 42 .24 g mol- I respectively.  Baudot & Marin ( 1 997) also found that the 

enrichment factor of diacetyl did not fit with larger ketones. They compared 

l i terature data for pervaporat ion enrichment with vapour-l iquid equil ibria for 

many compounds, i ncluding ketones. Pervaporat ion was more select i ve than using 

a vapour- l iquid equi l ibrium for concentrat ing large ketones, such as 2-heptanone 

and 2-nonanone, but less select ive than a vapour-l iquid equi l ibri um for smal l 

ketones such as diacetyl (Baudot & Marin,  1 997). 

Diacetyl d iffers from 2-heptanone and 2-nonanone in two ways: i t  has a lower 

molecular weight, and it has two carbonyl groups instead of one. Also, diacetyl ' s 

feed concentration in  starter dist i l late (2200 mg kg- I ) was far greater than the 

concentrations of ketones in  the model solution (each 9.8 mg kg- I ) .  The 

enrichment factor of diacetyl depends on its flux re lat ive to the total flux 

(approximately equal to the water flux ), normal ised for its concentrat ion in  the 

feed. Therefore, a lower enrichment factor than expected is  a result of either a 

lower driv ing force and/or mass transfer coeffic ient for diacety l ,  or a higher 

driv ing force and/or mass transfer coefficient for water. 

When the permeate pressure is  low (so that the permeate act ivi ty tends toward 

zero), the driving force of each compound depends mainly on its act iv i ty in the 
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feed, which i s  the product of the feed concentration and the act iv ity coefficient .  

Diacetyl had a h igh driv ing force because of i ts h igh feed concentration in starter 

disti l l ate, so i ts driv ing force cannot directly be compared with the driv ing forces 

of the ketones i n  the model feed solution. However, if al l three ketones had the 

same feed concentrat ion, any differences in  their driving forces would be due to 

their differen t  act iv i ty coefficients in the feed. The presence of a second functional 

group may have increased the affin ity of diacetyl for water. This is reflected in  i ts 

low i nfin i te d i lut ion act iv i ty coefficient of 1 3  in  the temperature range used for 

these experiments (Baudot & Marin ,  1 996) . With the same number of carbons as 

diacetyl but only one ketone functional group, 2-butanone has an infi n i te d i lution 

act iv i ty coefficient of 27-37 (calculated using a correlation from Poling et  al. 

(200 1 » .  Diacetyl therefore has a lower act iv i ty coefficient than would be expected 

from its carbon chain length.  The model solution ketones, 2-heptanone and 

2-nonanone, have infin i te di lut ion act iv i ty coeffic ients of 1 560- 1 785 and 26 500-

28 1 00 respectively (Pol ing et aI . ,  200 1 ) . Therefore, after accounting for 

concentration differences,  diacetyl had a lower feed act iv ity and a lower driving 

force than the model solution ketones. 

Mass transfer coefficients of the three ketones (flux div ided by activ i ty difference 

across membrane) are given in Table 8-3 . Diacetyl fits wi th the trend expected 

from 2-heptanone and 2-nonanone; the mass transfer coefficients decreased wi th 

increasing molecular weight. The h igh affin ity of diacetyl for water means that i t  

would have a low degree of sorption in  the hydrophobic membrane; Vankelecom 

et al .  ( 1 997) noted that the sorption of diacetyl in  PDMS was only about 5 %  of 

that exhibi ted by 2-hexanone. However, diacetyl ' s low sorption was cancelled out 

by its high rate of diffusion, so that its mass transfer coefficient was greater than 

that of 2-heptanone or 2-nonanone. 

Table 8-3: Comparison of diacetyl mass transfer coefficienta with model solution ketones. 

Feed Mass transfer coefficientb ().lmol m-2 s- ' ) 
temperature Diacetyl 2-Heptanone 2-Nonanone 

(OC) (in starter (in model (in model 
disti l l ate) solution) sol ution) 

20 2 440 ± 40 47.2 ± 1 .9 0.273 ± 0.0 1 0  

40 30 000 ± 1 6 000 266 ± 1 5  6 .08 ± 0.09 

aOperating conditions: PDMS Type I membrane, 2 kPa permeate pressure 
bMean ± standard error of 2-3 replicates 
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The enrichment factor depends on the relat ive fluxes of water (approximated by 

the total flux)  and diacety l .  At 20°C, the water flux from starter dist i l late was 

h igher than from the model solution. This would cause diacetyl to have a lower 

enrichment factor than expected. However, at 40°C the water flux was s imi lar 

with both feed solutions, yet diacetyl st i l l  had a lower enrichment factor than 

expected (Table  8-2) .  Diacetyl ' s  lower enrichment factor was therefore caused by 

its lower relative driving force as discussed above (accounting for concentration 

differences) ,  not by the difference in  mass transfer coefficients. 

In pervaporation studies, there is general l y  a trade-off between flux and 

selectivity; conditions under which high enrichment factors are possible usual ly  

do  not al 10w high fluxes ( Huang & Rhim,  1 99 1 ;  Sampranpiboon et aI . ,  2000a). 

Diacetyl appears to be an exception to this rule  when comparing different 

temperatures with the same membrane. In the current study as well as other 

studies (Rajagopalan et aI . ,  1 994; Baudot & Marin ,  1 996), the enrichment factor 

of diacetyl through a PDMS-based membrane increased by 24-3 1 % when the 

temperature was increased by 20°C. 

As the temperature is  increased, both the driving force and the membrane 

permeab i l i ty should increase for each permeant compound (Peng et aI . ,  2003) .  

The enrichment factor normal ly  decreases with increasing temperature, but  may 

also increase, depending on the relat ive effect of temperature on the driv ing force 

and permeab i l i ty of water compared wi th the flavour compound of interest. If the 

permeat ion rate of a flavour compound increases more than that of water as the 

temperature is raised (due to ei ther an increased permeabi l i ty or an i ncreased 

driving force), the enrichment factor of the flavour compound wi l 1  increase with 

temperature. 

The feed temperature influences the driving force by altering the act ivi ty of each 

compound (related to the partial pressure) on the feed side of the membrane. In 

the present study, the feed part ial pressure of diacetyl at 40°C was 2.8 t imes as 

great compared with 20°C, whereas the part ial pressure of water rose by a factor 

of 3 . 2  over this temperature range (calculations in Appendix F). The driving force 

of water therefore increased more than the dri ving force of diacetyl as the 

temperature i ncreased, meaning that driving force differences cannot explain the 

higher enrichment factor of diacetyl at 40°C. 
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As the driving force differences could not explain the enrichment factor i ncrease, 

i t  can be concluded that the temperature had a greater effect on the permeabi l i ty of 

the membrane to diacetyl than to water. In other words, as the temperature was 

increased, the membrane became much more permeable to diacetyl but only 

sl ightly more permeable to water. B audot & Marin ( 1 996) also found that diacetyl 

permeabi l i ty, with a s i l ical i te-fi l led PDMS membrane, increased more than the 

water permeabi l i ty as the temperature increased. 

These resul ts can also be interpreted by compari son with those found earl ier in  

th i s  study. In  the standard mUl ticomponent feed, the enrichment factors of esters 

and ketones ei ther decreased or had no trend with temperature, whereas those of 

acids tended to increase with temperature (Chapter 5).  Diacetyl i s  a ketone, but i t  

is  more hydrophi l i c  than the ketones in  the model solut ion; i t s  infin i te d i lut ion 

act iv ity coefficient ( 1 3 )  was c loser to ac ids in  the model solution (Appendix B ) .  

An increased temperature therefore seemed to have a posi t ive effect on  

enrichment of  hydrophi l ic compounds. The most l ikely explanation is  that 

hydrogen bonding between the hydroph i l ic compounds and water decreases at a 

h igher temperature (Liang & Ruckenste in ,  1 996). Th is would result  in hydrophi l i c  

compounds hav ing a lower affini ty for the  feed sol ution, and therefore passing 

i nto the membrane more easi ly, at raised temperatures. 

In summary, pervaporation could be used to concentrate diacetyl in starter 

dist i l late. Diacetyl had a lower enrichment factor than the ketones in  the model 

sol ution, due to its lower act iv i ty coefficient .  The mass transfer of diacetyl 

increased more than that of water as the temperature increased, l eading to a higher 

enrichment factor at 40°C than at 20°e. 

8 .3 . 1 .3 Enrichment of other compounds in starter disti l late 

Figure 8- 1 shows the volati le profi le  in  the heads pace of starter disti l l ate retentate 

and permeate, as determined by GCMS.  Compared to the retentate chromatogram, 

the volat i le profi le of the permeate appeared s imi lar, but more concentrated 

overal l .  However, some of the h igher esters (peaks 3 1 ,  35 and 38)  were less 

concentrated in  the permeate, and were not detected in  all permeate samples. 

1 86 



C 
:::l 
0 
U 

C 
.Q 
Cii 
g 
ID 
U 
C 
Cll 

"0 
C 
:::l 

.0 
<t 

C 
:::l 
0 
U 

C .Q 
Cii 
g 
ID 
U 
C 
Cll 

"0 c :::l .0 
<t 

Pervaporation of real dairy products 

[00000000 
9_ (a) 
900000OO 

.5000000 

8 
,_ 

10000000 1 1  
36 

6.l000000 

600000OO 
26 

5lOOOOOO 19 

'0000000 
" OOOOOO 
40000000 

35000000 

)1lOOOO00 
25000000 

31 I 35 

32 
20000000 

15000000 
1000000 
SOOOOOO 

. - J�j�]U�rd � .J' ��J, 
I.. 100 20 0 

100000000 -----

.5000000 (b) 
90000000 

'lOOOOOO 

,o000000 
7.l000000 

70000000 

,-
I .  1 9  

60000000 
55000000 
!OOOOOOO 
" ()()[)O()<l 

40000000 

I 18 35000000 

30000000 

"000000 \ 
2000000�1 J

3 

. ;000000 I 1 6 9 1 4  
1 000000 1 0  

/
1

2 ' 2 '3 

lOOOOOO 5 

oil , , \J\b.J-,-J � -JL:��� --! 
I.. .00 

22 

26 

32 

36 

Time 

••• 
mifl 

Figure 8- 1 :  Representative GCMS chromatograms of the headspace of (a) starter distillate 
retentate (collected after two hours of pervaporation) and ( b )  starter distillate permeate 
( collected after three hours of pervaporation). Pervaporation conditions: PDMS Type 1 
membrane, 40°C feed temperature, 2 kPa permeate pressure. Tentative identities of 
numbered peaks: 1 .  oxygen, 2. acetone, 3. ethanol, 4. diacetyl, 5. ethyl butanoate, 6. 
2,3-pentanedione, 7. hexanal, 8. 2-methyl- l -propanol, 9. 4-methyl- or 5-methyl-hexanone, 1 0. 
3-methyl- l -butanol, 1 1 . ethyl hexanoate, 1 2. styrene, 1 3. octanal, 14. 3-hydroxy-2-butanone, 
1 5. 2-heptenal, 1 6. ethyl heptanoate, 1 7. I -hexanol, 18 .  2-octanone, 19. ethyl octanoate, 20. 
acetic acid, 2 1 .  2-octanol, 22. benzaldehyde, 23. 2-decenal, 24. l -octanol, 25. 2-undecanone, 
26. ethyl decanoate, 27. unsaturated ethyl ester, 28. ethyl ester, 29. unsaturated aldehyde, 30. 
I -decanol, 3 1 .  ethyl ester, 32. hexanoic acid, 33. indole, 34. heptanoic acid, 35. ethyl ester, 36. 
octanoic acid, 37. nonanoic acid, 38. ethyl ester, 39. decanoic acid. 
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Diacetyl does not appear to have the largest peak in the GCMS chromatograms i n  

Figure 8- 1 ,  contrary to  GC analyses (using a d ifferent temperature programme; 

not shown) which showed it to be the most abundant compound in starter 

dist i l late. The difference is that Figure 8- 1 is an analysis of the headspace, rather 

than the starter disti l l ate itself. The headspace, rather than a solvent extract, was 

analysed in order to avoid obscuring peaks behind the solvent peak. As diacetyl 

has a high affini ty for water, i ts headspace concentration would be low compared 

with the concentration in the l iquid starter dist i l l ate. 

Estimated enrichment factors of selected compounds in starter disti I l ate are shown 

in Figure 8-2. These 26 compounds were chosen because they are known dairy 

flavour compounds, could be identified with a reasonable degree of confidence i n  

nearly a l l  retentate and permeate samples, and d id  not overlap significant ly with 

other peaks.  As the absolute concentration of each compound was unknown, these 

enrichment factors were estimated from the peak areas of retentate and permeate 

samples. Therefore, they may not be equal to the true enrichment factors, and 
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Figure 8-2: Estimated enrichment factors ( ratio of peak areas in permeate and retentate 
samples) for selected compounds identified in starter distillate. Data are the mean ± 
standard error of two replicates. 
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cannot be quantitat ively compared with model solution results, but can sti l l  be 

used to give an indication of possible trends. The estimated enrichment factor of 

diacetyl in  Figure 8-2 ( 1 .7-2. 1 )  is lower than its true enrichment factor (4.8-6.3)  

in Table 8-2. 

Figure 8-2 shows that many of the flavour compounds in  starter disti l late were 

enriched by a factor of 3-6 using pervaporat ion. Certain compounds had higher 

estimated enrichment factors than this ,  particularly unsaturated aldehydes and 

some esters and ketones.  The most highly enriched compound was 2-undecanone, 

with an enrichment factor of 40-63 . In contrast, some compounds were not 

enriched at al l .  Acetic acid, decanoic acid and 3 -hydroxy-2-butanone had 

estimated enrichment factors of 0.4-0.9, indicat ing that these compounds were not 

preferential ly  transported through the membrane. 

Figure 8-2 includes many compounds with different molecular s ize and 

functional groups, enabl ing some general trends to be observed. Overal l ,  

compounds from the various homologous series can be  placed in  order of 

decreasing estimated enrichment factors: unsubstituted ketones > unsaturated 

aldehydes > esters > saturated aldehydes > alcohol s > substi tuted or branched 

ketones > ac ids. Th is order is s imi lar to that found in several previous studies : 

esters > aldehydes > alcohol s (Bengtsson et aI . ,  1 992), esters > aldehydes/ketones 

> alcohols > diketone (Vankelecom et aI . ,  1 997), or esters/ketones > ac ids 

(Overington et aI . ,  2008) .  

Trends within the acid,  ester and unsubsti tuted ketone functional groups can also 

be compared with model solut ion resul ts using the same pervaporation system 

(Chapter 5) .  Acids in starter dist i l late behaved in the same way as in a model 

solut ion; their  enrichment factors increased with increasing molecular weight up 

to a point ,  then decreased. However, esters and ketones did not fol low the same 

trend. In the model solution, enrichment factors of esters (ethyl butanoate, ethyl 

hexanoate and ethyl octanoate) and ketones (2-heptanone and 2-nonanone) 

decreased with increasing molecular size. In contrast, estimated enrichment 

factors of the three esters shown in  Figure 8-2 increased with increasing molecu lar 

weight at 40°C, or increased then decreased at 20°e. For ketones, acetone and 

2-octanone fol lowed the trend found in the model solution experiments, but 

2-undecanone had an extremely h igh enrichment factor in  starter di sti l late. 
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As there were so many differen t  compounds in starter dist i l late, i t  is possible that 

there were complex in teractions between permeants, which changed the order of 

select iv i ty. It was observed in  Chapter 6 that l arger esters and ketones were 

relatively more affected by coupl ing interactions than smaller compounds within 

these functional groups; hence, the order of select i v ity within a functional group 

could change depending on the other compounds in the feed. Al ternatively, the 

differences could have arisen in the analysis rather than during pervaporation. The 

large number of compounds in starter dist i l l ate may have meant that some extra 

compounds were obscured under the observed chromatogram peaks, al tering their 

perceived peak areas. 

As some compounds passed through the membrane more eas i ly than others, the 

volat i le  composition of the permeate differed from the feed (Figure 8- 1 ) . 

Compared wi th the feed, the permeate contained relat ively more 2-undecanone, 

which has a floral or herbaceous flavour (Mol imard & Spinnler, 1 996), and less of 

certain acids, as well  as being more concentrated overal l .  Therefore, pervaporation 

may have al tered the flavour profi le of starter disti l l ate; however, any differences 

were not obvious. No sensory tests were carried out, but starter dist i l late was 

informal ly  observed to have a diacetyl-l ike odour, which had a s imi l ar character 

but stronger i ntensity in  the permeate than in  the feed. 

8.3.2 Pervaporation of ester cream 

8 .3 .2 . 1 Total flux 

Ester cream contained 20% fat ,  which corresponded to one of the fat-contain ing 

model solutions tested in Chapter 7 .  As cream was the only dai ry ingredient in 

ester cream, fat was the main non-volat i le component. The total flux with ester 

cream was 1 .5-2.2 t i m es greater than the total fl ux with a model solution 

contain ing the same amount of fat (Table 8-4). The difference is  part ly  because 

ester cream contains 5% ethanol , which permeates relati vely eas i ly  through 

pervaporation membranes, and hence contributed to the total fl ux .  Earl ier in this 

study (Chapter 6), i t  was shown than this concentration of ethanol increased the 

total flux of an aqueous model solution by 20%. 

However, even al lowing for a 20% flux increase, the total flux with ester cream 

was sti l l  h igher than expected from model solution resul ts .  One explanation for 
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Table 8-4: Comparison of ester cream total flux with model solution (20% fat) at the same 
operating conditions (PDMS Type 1 membrane; 2 kPa permeate pressure). 

Temperature (OC) Total flux (mg m-
2 

s-
l

) 
(mean ± standard error) 

Ester cream Model solution (20% fat) 
(2 repl icates) (3 repl icates) 

20 1 1 8 ± 1 52 ± 6 
40 950 ± 1 40 620 ± 1 60 

the remaining difference is that the ester cream feed did not remain homogeneous. 

During each run,  the ester cream part ial ly  separated into aqueous and fat phases, 

with the majority of the fat ri sing to the top of the feed tank (creaming) and 

therefore not being pumped past the membrane. Creaming was not apparent with 

model sol utions, except for those with very low levels of fat .  Therefore, in  the 

model solution in  Table 8-4, the 20% fat was d istributed evenly throughout the 

feed, including the portion passing over the membrane. In contrast, the portion of 

ester cream passing the membrane would have contained less than 20% fat. 

This hypothesis was confi rmed by centrifuging ester cream retentate samples to 

separate the fat from the aqueous phase. Retentate samples were taken from the 

bottom of the feed tank, and hence represented the portion passing over the 

membrane. Samples from runs at 40°C contained less than 1 0% fat ,  and most of 

the samples from runs at 20°C did not contain any visible fat . Therefore, the total 

flux of ester cream was greater than that of the model solut ion with 20% fat, 

because the mass transfer would not have been affected by fou l ing or 

concentration polarisation to the same extent as the fat-contain ing model solution. 

Creaming was more prevalent at 20°C than at 40°C, which is  the most l ikely 

explanation for the difference in  total flux between ester cream and the fat

containing model sol ution being relat ively greater at 20°C. 

8 .3 .2 .2  Enrichment factors of flavour compounds 

The aim of this study was to investigate the pervaporat ion behaviour of ester 

cream, compared with a fat-containing model solut ion. The discussion in this 

section therefore focuses mainly on the flavour compounds that were quantified in  

both ester cream and the fat-contain ing model solution, namely ethyl butanoate, 

ethyl hexanoate, ethyl octanoate, acet ic acid and butanoic acid. However, ester 
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cream contains some additional flavour compounds, which were not present in  the 

model solution. Some of these additional compounds were also quantified, i f  

standards could be eas i ly  obtained. 

Flavour compound concentrations in  ester cream retentate varied wide ly between 

runs. This was partly  due to batch variations in the feed (as ester cream is a 

fermented product ,  some variation is inevitable) ,  and partly  because the ester 

cream composition varied within the feed tank due to creaming. Most of the fat in  

ester cream remained at  the top of the feed tank, whereas the feed was pumped to 

the membrane from the base of the feed tank. Retentate samples, as wel l as the 

portion of feed being pumped past the membrane, therefore consisted mainly of 

the aqueous fraction. Different flavour compounds part i t ioned between the fat and 

aqueous phases to different extents (Chapter 7) ,  so the amount of fat in the 

retentate samples would have affected the measured concentrations of each 

compound. 

As the retentate varied between runs, this caused the permeate composi tion to 

vary also, so that each run gave very different pervaporation results .  Resu l ts from 

each run are therefore given separately in the following figures (note that each 

graph has a different scale) .  Figure 8-3 shows the concentrations of selected esters 

and acids in ester cream retentate and permeate, and their enrichment factors, for 

runs at 20°C ; Figure 8-4 shows corresponding data for runs at 40°C.  The large 

amount of variation between replicates at each temperature meant that it was not 

possible to draw conclusions about the effect of temperature. 

At a feed temperature of 20°C (Figure 8-3), retentate concentrations were lower i n  

Run  20B than in Run  20A, but the relat ive proportions of  each flavour compound 

were s imi lar for both runs. However, permeate concentrat ions and enrichment 

factors were greater in  Run 20B than in Run 20A. 

In the retentate of both runs, butanoic acid was the main flavour compound out of 

those measured; i ts concentration was more than double that of any other 

compound measured. The compound with the next highest concentration was 

ethyl oleate in Run 20A and ethyl butanoate in Run 20B . For both runs, the 

permeate composition was qui te different from the retentate, consist ing main ly  of 

ethyl butanoate, with smaller amounts of other esters . The two l argest esters 
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Figure 8-3: Ester cream retentate and permeate concentrations, and enrichment factors, for 
(a)  Run 20A and (b )  Run 20B at 200e (PDMS Type 1 membrane, permeate pressure 2 kPa). 
Data are means ± standard error of four permeate samples or three retentate samples. 

measured, ethyl stearate and ethyl oleate, were not detected In the permeate of 

e i ther run .  

Ethyl myristate appeared to have an extremely h igh enrichment factor (30 ± 2 1  i n  

Run  20A and 1 90 ± 1 1 0 i n  Run  20B),  but large standard errors, coupled with the 
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Figure 8-4: Ester cream retentate and permeate concentrations, and enrichment factors, for 
(a)  Run 40A and (b)  Run 408 at 40°C (PDMS Type 1 membrane, permeate pressure 2 kPa). 
Data are means ± standard error of four permeate samples or three retentate samples. 

fact that this compound was only detected in half of al l  permeate samples from 

these two runs, mean that this resul t  must be v iewed with caution. Ethyl myristate 

was present at very low levels  in the retentate, so that even with this h igh 

enrichment factor, it made up only 2% and 8% of the total measured compounds 

in the permeate for Run 20A and Run 20B respectively. 

1 94 



Pervaporation of real dairy prod ucts 

Aside from ethyl myristate, the compound with the h ighest enrichment factor was 

ethyl butanoate. In Run 20A, ethyl butanoate and ethyl myri state were the only 

compounds of those tested that were actual ly  enriched (enrichment factors greater 

than one), but ethyl hexanoate, ethyl decanoate and ethyl laurate were also 

enriched in  Run 20B . 

Figure 8-4 shows resul ts from the two runs at 40°e. Al though retentate 

concentrations in Run 40B were 2-6 t imes greater than those in Run 40A, Figure 

8-4 shows that the re lat ive proport ions of each compound in  the retentate were 

s imi lar for both runs. Butanoic acid was sti l l  the main compound in the retentate, 

but it did not dominate the retentate composition as in runs at 20°C; at 40°C, ethyl 

oleate was almost as concentrated as butanoic acid, fol lowed by ethyl stearate . 

These long-chain esters would have been mainly assoc iated with the fat phase. 

They appeared less concentrated in the retentate at 20°C, because the fat phase 

was mostly  at the top of the feed tank. Consequently, the portion of the retentate 

that was sampled and analysed (and the port ion that came i n  contact with the 

membrane) had a lower level of fat, and therefore a lower level of fat-soluble 

flavour compounds. At 40°C, less creaming occulTed, so retentate samples 

contained more fat and consequently more long-chain esters. 

In Run 40A, the permeate was dominated by ethyl butanoate with a smaller 

amount of ethyl hexanoate, as for runs at 20°e. However, in  Run 40B , ethyl 

laurate and ethyl myristate had s l ightly higher concentrations than ethyl 

butanoate, although ethyl butanoate and ethyl hexanoate were st i l l  in  s imi lar 

proportions to each other. 

In Run 40A, ethyl myristate was not detected in the retentate, so i ts enrichment 

factor could not be determined for this run. Ethyl butanoate was the only 

compound with an enrichment factor greater than one. In Run 40B , ethyl 

myristate had an enrichment factor of 1 90 ± 70 (although i t  was not detected in 

the permeate sample taken after the first hour of pervaporation, only in  samples 

taken after two, three and four hours) .  In Run 40B , ethyl myris tate was one of the 

most concentrated compounds in  the permeate, so its h igh enrichment factor 

cannot be disregarded in this case. In th is  run ,  ethyl laUl"ate also had a h igher 

enrichment factor than ethyl butanoate; however, no compound had an enrichment 

factor greater than one. 
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Results were more consistent between duplicate runs at 20°C than at 40°C. This i s  

probably because creaming occurred to  a greater extent a t  the lower temperature, 

causing the ratio of fat to water in the retentate samples to be more constant .  The 

retentate from runs at 20°C contained almost no fat, whereas the amount of fat 

was more variab le  i n  samples from 40°C runs.  

Some general resul ts were evident across al l four runs.  A lthough ethyl myristate 

appeared to have an extremely h igh enrichment factor in three out of four  runs, 

this resul t  was not reproducible,  and it was not detected in al l permeate samples. 

In most cases ethyl butanoate was the only other flavour compound that was 

enriched by pervaporation, and it was the main flavour compound in the permeate 

in three out of four runs .  Its permeate concentration was 4-8 t imes that of ethyl 

hexanoate. The two l argest esters tested for, ethyl oleate and ethyl stearate, did not 

pass through the membrane at al l ;  the permeate also had very low levels of acetic 

and butanoic acids. 

8 .3 .2 .3  Compari son of ester cream with model solutions 

Earl ier experiments with model solut ions containing ethanol (Chapter 6) or fat 

(Chapter 7) showed that the fat i n  ester cream (20%) would have a far greater 

negat ive impact on flavour compound enrichment factors than the ethanol (5%) .  

Ester cream enrichment factors should therefore be comparable  wi th a model 

solution containing 20% fat .  In model solution trials, ethanol was not tested in the 

presence of fat ;  as ethanol is  m iscible with both fat and water, it probably would 

have altered how flavour compounds part i tioned between the two phases. 

Figure 8-5 compares enrichment factors achieved wi th ester cream to those 

achieved at the same operating conditions with a model solut ion containing 20% 

fat (Chapter 7) ,  for the fi ve compounds that could be quanti fied i n  both feed 

solutions. It is more meaningful to compare enrichment factors than f1uxes in this 

case, because the fat-con taining model solution had different feed concentrations 

from the ester cream, and the feed concentration in  ester cream differed between 

runs as wel l .  In most cases, ester cream resul ts were s imi lar to those obtained with 

the fat-containing model sol ut ion. However, ester cream Run 40B had lower 

enrichment factors for esters (Figure 8-5b).  This was probab ly  due to batch 

differences in the feed; Figure 8-4 shows that this run had h igher retentate 
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Figure 8-5 : Comparison of enrichment factors between ester cream and model solution 
(20% fat). Operating conditions: PDMS Type 1 membrane, permeate pressure 2 kPa, feed 
temperatures ( a )  20°C and ( b )  40°C. Data are means (± standard error) of th ree runs for 
model solutions, or four measurements within one run for ester cream. 

concen trat i on than the other runs.  In some cases, a h igher concentration leads to 

a lower enrichment factor (Sampranpiboon et aI . ,  2000b).  
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I n  both ester cream and the model solution, enrichment factors fol lowed the order: 

ethyl butanoate » ethyl hexanoate/acetic acid/ethyl octanoate > butanoic acid.  

Ester cream had a pH of 4.8, which i s  less acidic than the aqueous model solution 

in previous chapters (pH 3 .5 ) ,  but more acidic than the model solution with 20% 

fat (pH 6. 1 ) . As discussed in  previous chapters, the feed pH had a significant 

effect on acid permeation.  Thi s  means that the enrichment factors of acids in ester 

cream should be h igher than those obtained in Chapter 7. Figure 8-5 shows that 

this is true for acetic acid, but butanoic acid was enriched less in  ester cream 

(enrichment factors of less than 0.0 1 )  than in the model solution with 20% fat 

(enrichment factors of 0.03 at 20°C or 0.05 at 40°C) .  The difference may be due 

to the fact that the feed concentration of butanoic acid in  ester cream was more 

than 60 times greater than in the model solution. When the feed concentration 

differs by this much, the enrichment factor may not be independent of the 

concentration. Concentration polarisation could become more significant at the 

h igher concentration, leading to the enrichment factor being lower than expected. 

Also, act ivity coefficients may decrease at h igher concentrations, as the feed 

solution is  no longer infi n itely d i lute (Sampranpiboon et al . ,  2000b) .  If activity 

coeffic ients do not remain constant, the driv ing force is  not directly proportional 

to the feed concentration over a very l arge concentrat ion range. 

8.4 Impl ications and com mercial aspects 

8.4.1 Commercial aspects of starter distillate pervaporation 

Pervaporat ion was an effective method of concentrating the flavours In starter 

dist i l late. Both the flux and enrichment factor of diacetyl were greater at 40°C 

than at 20De; a h igher temperature than those tested may provide an even more 

efficient separation . If this trend continues beyond the two temperatures tested, i t  

would be  benefic ial to  run commercial ly at the highest temperature possible 

without damaging the feed solution. 

The starter disti l l ate used in th is  study contained 2200 ppm diacetyl . Some 

appl ications require a diacetyl concentration of 30 000 ppm, which could 

potential ly be ach ieved using pervaporation, wi th the advantage that many of the 

minor flavour compounds in  starter disti l l ate would also be concentrated. Under 
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the conditions tested, the permeate concentration of diacetyl ranged from 7400 to 

20 500 ppm. Therefore, pervaporation permeate could be used, along with some 

added natural diacetyl ,  to achieve the target concentrat ion.  The required amount of 

natural  diacetyl would be 30--40% lower if it was used in conjunction wi th starter 

dist i l l ate permeate rather than untreated starter dist i l late. This amount could be 

further reduced by using a more selective membrane; diacetyl enrichment factors 

up to eight t imes h igher than those in the c urrent study have been reported using 

differen t  membranes (Rajagopalan et aI . ,  1 994; Baudot & Marin ,  1 996). 

In the 40°C experiments reported in this chapter, only about 2% of the total starter 

dist i l late feed was removed as permeate during each four-hour run .  This meant 

that the retentate and permeate concentrations did not change significantly over 

the run t ime (data not shown), in contrast to ester cream. Under these conditions, 

about 50 L of starter dist i l l ate would be needed to produce I L of permeate . This 

ratio could be changed by altering the membrane area or the length of each run. 

With a constant fl ux ,  the amount of permeate is proportional to both the 

membrane area and the run t ime. If either of these were i ncreased so that 1 0% of 

the feed was removed as permeate , only 1 0  L of starter dist i l late would be needed 

to produce I L of permeate, with approxi mately 1 0 800 ppm diacetyl (at 40°C).  

The 9 L of retentate would st i l l  contai n approximately 1 200 ppm diacety l .  The 

greater the proport ion of the feed removed as permeate, the lower the retentate 

concentration would become. Assuming a constant enrichment factor, this would 

lead to the permeate concentration decreasing as the run t ime or membrane area 

was increased. The cost of pervaporation would have to be balanced with the cost 

of adding natural diacetyl to a product along with starter disti l late. Mass balance 

calculations are given in Appendix G.  

8.4.2 Commercial aspects of ester cream pervaporation 

Using pervaporation, it was possible to recover the desirable ethyl butanoate 

flavour from ester cream, while recovering only smal l amounts of the less 

desirable ac ids and long chain esters. The permeate did not consist of only ethyl 

butanoate, but also contained other fl avour compounds. This is one of the major 

advantages in using a separat ion process to concentrate natural flavours, rather 

than creat ing flavours us ing the pure flavour chem ical of i nterest: the other 

1 99 



Ch apter 8 
background flavour compounds add complexi ty to the flavour and make i t  more 

wel l -rounded. S ingle esters general ly  have too much of a chemical flavour (Crow, 

2005 , personal communication). 

However, ester cream does not seem to be a very suitable  feed for pervaporat ion.  

A lthough ethyl butanoate could be enriched using pervaporation, i ts concentration 

in  the permeate was only about double that in  the feed. Model solution trial s 

(Chapter 7)  have shown that pervaporation is most effect ive when the feed stream 

does not contain any fat . Therefore, it may be better to separate the flavour 

compounds from the ester cream matrix using a different aroma recovery 

technique, such as disti l l ation, before using pervaporation to concentrate and 

fractionate the flavours. Th is would also reduce the inconsi stencies between runs,  

caused by ester cream not remaining as a stable dispersion.  

8.4.3 Conclusions 

Pervaporation trials with model solutions can be used to estimate general trends 

expected with real dairy products. However, some unexpected results were 

obtained with both starter disti l l ate and ester cream, which shows that it is  

necessary to test pervaporation wi th actual process streams. 

In starter dist i l late, diacetyl did not have a h igher enrichment factor than both 

model solut ion ketones, contrary to expectations. Thi s  h ighl ights the fact that a 

trend estab l i shed within a homologous series cannot be extrapolated to include 

compounds from a different homologous series, even if  they are closely related. 

S tarter disti l late was a more sui table feed stream than ester cream, which gave low 

enrichment factors and variable results .  

B oth dairy products showed that pervaporation performance is  h ighly dependent 

on the feed composit ion. Wi th starter disti l late, the effect of a h igh feed 

concentrat ion was shown ; th is  led to membrane plasticisat ion, and also may have 

lowered the enrichment factor of diacetyl . By comparing ester cream with a fat

containing model solution, i t  was shown that fluxes and enrichment factors are 

affected not only by the type and level of non-volat i le components in the feed, but 

also by whether they are distributed evenly  throughout the feed mix ture. This is 

important to consider when evaluat ing pervaporation for complex feed streams 
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that may not be evenly  dispersed, such as fermentation broths or aqueous 

dispersions of sol id foods. For some feed streams,  it would be helpful to have an 

agi tator in the feed tank. 
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Chapter 9 

Empirical model l i ng of mass transfer 
coefficients 

9.1  Introduction 

Many researchers have presented models for pervaporation (reviewed by Lipnizk i  

& Tragardh (200 1 )  and Karlsson & Tragardh ( 1 993 ) ) ,  wi th  most based on the 

solution-di ffusion model .  However, mass transfer rates can vary depending on the 

membrane, module and process used (Lipnizki & Tragardh, 200 1 ) , making it 

difficult to compare resul ts  obtained by different researchers. Hence, i t  i s  hard to 

predict pervaporation performance without at least some experimental data on the 

pervaporation system in question. 

The objecti ve of this chapter was to empirical l y  model the pervaporation f1uxes of 

the nine flavour compounds in the standard mUlticomponent feed, based on the 

overal l mass transfer coefficient for each compound under different operating 

conditions (membrane type , feed temperature and permeate pressure) .  The data in  

Chapter 5 ,  with the standard multi component feed solution onl y, were used to 

develop the mode l .  In  the current chapter, the model is  first applied to the same 

data from which i t  was developed, then i t  is  used to predict f1uxes in experiments 

with feed solutions other than those used to develop the model . 

This chapter forms the basis for a peer-reviewed paper (Overington et aI . ,  2009) .  

9.2 Theory 

For steady-state transport processes, f1uxes are proportional to the driv ing force 

(Mulder, 1 996), with the proport ional i ty constant defined as the mass transfer 

coeffic ient (Zydney, 1 997) :  

J = k x dlj I I 

(9- 1 )  
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where J; i s  the flux ,  k;  is the overal l mass transfer coefficient, and df is the 

driving force of component i .  The mass transfer coefficient includes mass transfer 

through al l steps in the pervaporat ion process: mass transfer through the feed 

boundary layer, through the membrane and out into the permeate side ( Karlsson & 

Tragardh ,  1 994) . This can be described using a resistance- in-series model 

(Karlsson & Tragardh, 1 994; Karlsson et aI . ,  1 995 ;  Mulder, 1 996): 

I I I I 
- = -- + - + -
k;  k ;,hl k; .m k; ,p 

(9-2) 

In Equation (9-2), k;,bl i s  the ma s transfer coefficient of compound i through the 

feed boundary layer, k;,m is the mass transfer coefficient through the membrane 

and k; . p is the mass transfer coefficient on the permeate side. Al l  of these depend 

on the pervaporat ion system, the operat ing conditions, and the permeant 

compound. 

In the absence of an electrical potential driving force, al l common driv ing forces 

in membrane processes can be reduced to a gradient in chemical potential across 

the membrane (Wijmans & Baker, 1 995 ;  Mulder, 1 996). The solution-di ffusion 

model ,  which i s  the most commonly used model to describe pervaporat ion, 

assumes that this chemical potential gradient is  expressed as a concentration or 

activi ty gradient (rather than a total pressure gradient as in  the pore flow model )  

(Wijmans & Baker, 1 995) .  Several expressions for the pervaporation driving force 

are used i n  the l i terature, with the most common being partial pressure difference 

(Baker et aI . ,  1 997;  Baudot et aI . ,  1 999; Trifunovic & Tragardh, 2006) ,  act ivity 

difference (J iraratananon et aI . ,  2002a; Lipnizki et aI . ,  2004) and concentration 

difference (Karlsson et aI . ,  1 995)  between the feed and permeate sides of the 

membrane. Part ial pressure and activity driving forces are closely related, with 

partial pressure being the product of activity and saturated vapour pressure (Lee, 

1 999). The mass transfer coefficient with a partial pressure driving force may be 

divided by the saturated vapour pressure, in  order to express the effect ive mass 

transfer coefficient in terms of an activity driv ing force (Trifunovic & Tragardh, 

2005) .  

Concentrat ion difference as a driv ing force does not take into account any non

ideal effects, and therefore is  a poor approximat ion of the true driving force, 
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because aqueous solutions containing organic  compounds of low solub i l i ty 

frequent ly  show non-ideal behaviour (Pereira et  aI . ,  1 998; Pere ira et  aI . ,  2006). 

Hence, Perei ra et  al . ( 1 998) concluded that a chemical potential driving force 

(based on l ogari thmic act ivity difference) led to more accurate results than an 

approximation based on concentration difference. 

In this study, the driving force was approximated by the activ i ty d ifference 

between the upstream and downstream sides of the membrane. Act iv it ies on the 

feed and permeate sides were estimated from Equations (9-3) and (9-4) 

respect ively (Baudot et  aI . ,  1 999; Trifunovi6 & Tragardh, 2005 ) :  

(9-3) 

(9-4) 

where ai,f and ai,p are the act ivit ies of compound i in the feed and permeate 

respectively, Xi,f is the mole fraction of compound i in the feed, '}1,f is the act ivity 

coefficient of compound i, Pi,p i s  the partial pressure of compound i on the 

permeate s ide, and p? (TJ )  i s  the saturated vapour pressure of compound i at the 

feed temperature. The flux was thus given by the fol lowing expression, based on 

Trifunovi6 et  al .  (2006) :  

k ( Pi, !, 1 Ji = i Y;Xi,J --0 Pi 

9.3 Determination of model parameters 

(9-5) 

The model was developed from al l the flux  data usmg the standard 

mUl ticomponent feed under various operating conditions (Chapter 5 ) .  The water 

flux was assumed equal to the total flux .  

Using Equation (9-5) as the  start ing point ,  flavour compound dri ving  forces at 

each set of operating conditions were calculated from their concentrat ions and 

l iterature data for their act iv i ty coefficients and saturated vapour pressures, as 

demonstrated in Appendix B. Activ i ty coefficients of flavour compounds were 
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assumed to be equal to those at infin ite di lution, as the feed solution was very 

di lute (no compound had a concentration greater than I 1 I  ppm) .  Th is is a 

common assumption for pervaporation with di l ute aqueous feeds (Baudot & 

Marin, 1 999; Lipnizki & Hausmanns, 2004; Trifunovic & Tragardh ,  2006) .  The 

di lute feed also meant that the activi ty coefficient of water could be assumed to be 

uni ty (Olsson & Tragardh ,  1 999). 

Once the driving force was calculated in  this way for each compound, the overal l 

effect ive mass transfer coefficient could be determined for each compound with 

each membrane and each temperature (Equation (9-5 )) .  Mass transfer coefficients 

do not usual ly  vary with the permeate pressure (Baudot et aI . ,  1 999);  hence, the 

effect ive mass transfer coefficient was taken as the mean for al l  runs at a 

particular temperature. 

9.4 Results and discussion 

9.4.1 Effect of temperature on mass transfer 

Fluxes increased with temperature by about one order of magnitude, on average, 

between 20°C and 40°C (Chapter 5 ) .  This wel l-known trend is due to an increased 

membrane permeabi l ity at raised temperatures, as well as an increase in feed 

act ivi ty creating a h igher dri ving force (Feng & Huang, 1 996; Lipnizki et aI . ,  

1 999; Peng e t  aI . ,  2003 ). Changes in  the driving force due to temperature can be 

estimated by examin ing l i terature data for saturated vapour pressures of permeants 

over the temperature range of interest, and using Equation (9-5) .  However, the 

mass transfer coefficient is more difficult to predict for different systems, as it 

depends on both the permeant and the membrane (Borjesson et aI . ,  1 996). 

Both the driv ing force and the permeab i l ity contribute to the increase in  flux with 

temperature, but the relat ive importance of these two factors can vary. Ol sson & 

Tragardh ( 1 999) found that the increase in water flux with increasing temperature 

(through a POMS membrane) was largely due to the increased dri ving force ; 

however, for aroma compounds, they found that the increased permeabi l ity at 

h igher temperatures influenced flux enhancement to a s imi lar or greater degree 

than the i ncreased driving force. Simi lar results were found in the current study: 
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the driv ing force of water i ncreased more than three-fold from 20DC to 40DC, but 

driv ing forces of other compounds i ncreased only s l ightly (Appendix B ) .  

When activation energies for pervaporation are reported in  the l i terature ,  they are 

normal l y  calculated from the slope of a plot of In (1) versus l iT. To distinguish the 

effect of temperature on permeabi l i ty from i ts effect on the driving force, Feng & 

Huang ( 1 996) recommended plotting I n(P) (where P is the permeabi l i ty)  instead 

of I n(1) , to calculate the activation energy for permeation. This is s imi lar to the 

method fol lowed in  this study, except that effective mass transfer coefficients 

(defined as J/l1a) were used instead of membrane thickness-normal ised 

permeabi l ities (defined by Feng & Huang ( \ 996) as J/l1p, where I1p is the partial 

pressure difference across the membrane) .  

Effect ive mass transfer coeffic ients increased with temperature according to an 

Arrhenius-type relationship: 

Ea In(ki ) = In(ko ) - -RT 
(9·6) 

where ko is the pre-exponential factor, Ea is the activation energy and R is the gas 

constant. It i s  well known that the diffusion of small molecules in polymers is an 

act ivated process (Barrer, 1 939;  Yampolsk i i  et al . ,  1 998 ; Zheng et al . ,  2007) ,  

bei ng described by an Arrhenius-type equation as long as the temperature range i s  

not too large. 

Figure 9- 1 shows the Arrhenius relationship for each compound, with the PDMS 

Type I membrane. Arrhenius plots for the other two membranes are g iven i n  

Appendix H .  Within each c lass of  compounds, the effecti ve mass transfer 

coefficients decreased with increasing molecular weight .  Both PDMS membranes 

gave l inear Arrhenius plots, and it was therefore assumed that the POMS 

membrane would also fol low an  Arrhenius-type relationship (only two 

temperatures were tested with this membrane).  Other researchers have also found 

l inear Arrhenius rel ationsh ips, using various membranes i ncluding POMS 

( Karl sson et al . ,  1 995 ;  Feng & Huang, 1 996; Olsson & Tragardh, 1 999) . 

Activation energies are shown in Figure 9-2, in relation to the molecular weight of 

each flavour compound. 
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Figure 9- 1 :  Arrhenius plots of (a) ketone, (b )  acid and (c)  ester effective mass transfer 
coefficients (PDMS Type 1 membrane) .  Data points are means (±  standard errors) of 3-17 
measurements at  each temperature. 
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9.4.2 Effect of compound and membrane type on activation energy 

The activation energy for molecular diffusion through a polymer corresponds to 

the energy required for permeant molecules to jump from one free volume hole to 

the next one in the polymer (van Krevelen, 1 990; Aminabhavi et aI . ,  1 996). This 

means that the activation energy required for diffusion should i ncrease with 

molecular size (van Krevelen, 1 990). However, in  pervaporation, other parameters 

besides d iffusion influence the rate of movement through the membrane, and thus 

the dependence of activation energy on molecular size i s  more complex .  This is  

shown by Figure 9-2,  i n  which activation energies showed different behaviour 

with increasing size within each homologous series, depending on the membrane 

used. 

The membrane type had a sign ificant effect on the act ivation energy of some 

compounds, but not others. The act ivation energies of smal l permeants (with 

molecular weights lower than about 1 20 g mol- I ) ,  especial ly  esters and ketones, 

were not influenced by the type of membrane. In contrast, the activation energies 

of larger compounds varied widely between the three membranes tested, with 

compounds needing the greatest activation energy to pass through PDMS Type I ,  

fol lowed by PDMS Type 2 then POMS.  Th is corresponded to PDMS Type I 

having the h ighest f1uxes, fol lowed by PDMS Type 2 then POMS,  indicating that 

membranes with higher f1uxes had a greater temperature dependence. 

This disti nction between small and large permeants was also observed by Dole et 

al .  (2006) ,  who analysed their own and l i terature data on activation energies for 

diffusion of various compounds in  several packaging polymers. They suggested 

that polymer mobi l ity may be important for the diffusion of large molecules only, 

whereas for small molecules the intrinsic mobil ity of the permeant i s  more 

important regardless of polymer type. 

Tikhomirov et al . ( 1 968) discussed the differences in act ivat ion energies of 

diffusion above and below the glass transit ion temperature of the polymer. In 

general , d i ffusion below the glass transition temperature involves the permeant 

moving between pre-ex isting holes, whereas at higher temperatures i t  normal ly  

also involves creation of larger holes as  a result of polymer chain movement. 

Which of these two mechanisms is  rate- l imit ing above the glass transition 
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temperature depends on the permeant s ize as wel l as the polymer type 

(Tikhomirov et a\ . ,  1 968).  In the current study, all experiments were carried out 

wel l above the glass transition temperature of - 1 2 1  QC for PDMS (Bicerano, 2002) 

(no glass transition data were avai lable for POMS,  but i t  is  a s imi lar polymer to 

PDMS), and the change at approximately 1 20 g mol- I in  Figure 9-2 fits with the 

theory that there is  a change in the rate- l imi ting factor for permeants above a 

certain molecul ar size. 

Below 1 20 g mol- I , the act ivation energy i ncreased with increasing molecular 

weight within the acids (this trend could not be confirmed for the other functional 

groups, because only one ester and one ketone below this critical size were 

tested) .  Kabra et a\ . ( 1 995)  found that the acti vation energy was greater for 

pervaporation of butanoic acid than for propanoic acid,  which fits with the trends 

in Figure 9-2. The larger the permeant, the lower its diffus iv i ty in the membrane. 

Consequently, as the permeants move through the membrane, i t  is  less l ikely that 

larger permeating molecules wi l l  fi nd a free volume hole i n  the polymer of 

appropriate s ize to jump i nto, and therefore the act ivation energy should i ncrease 

with molecular size, consistent with the trend for small acids in Figure 9-2. 

In an apparent contradiction, the fluxes of small  acids (acetic acid, butanoic acid 

and usual ly  hexanoic acid,  depending on the operating condit ions) increased with 

increasing molecular weight (Chapter 5) ,  even though, as the act ivation energy 

increases (that i s ,  as permeation becomes more difficult) ,  the flux would be 

expected to decrease. One reason for th i s  is  that the flux depends on both the mass 

transfer coefficient and the driving force. As the molecular weight i ncreased 

within each c lass of compounds, the overal l  effective mass transfer coefficient 

decreased but the act ivi ty difference across the membrane increased, leading to 

the flux either i ncreasing or decreasing, depending on whether the effect ive mass 

transfer coefficient or the driving force was the dominant factor. Liang & 

Ruckenstein ( 1 996) found that membranes for which the flux was lower had a 

h igher activation energy. However, their activation energy was calculated based 

on the flux rather than the mass transfer coefficient .  This means that it represented 

the effect of temperature on both the mass transfer coefficient and the driving 

force together, rather than considering them separately  as in  the current study. 
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Ketones and esters had s imi lar act ivation energies for the same molecular weight, 

whereas the activation energies of acids were considerably higher. This was 

reflected in the relative f1uxes of each class of compound; after normal is ing for 

different feed concentrations, the ketones and esters had f1uxes several times 

h igher than the acids. 

To further explain the differences in  act ivation energy given in  Figure 9-2, it is  

necessary to spl i t  the total activation energy into its constituent parts. The 

apparent activation energy for permeation is a combination of the energy required 

for sorption and the energy required for diffusion (van Krevelen, 1 990; Feng & 

Huang, 1 996): 

E,, = D.H s + EI) (9-7) 

where Ea i s  the apparent act ivation energy of permeation, D.H s is the molar heat 

of sorption and El) i s  the activation energy of diffusion. 

Barrer ( 1 939) calculated that the activation energy for diffusion through a lattice 

is a function of the displacement of molecules making up the lattice ( i .e . ,  the 

strain) ,  and depends on whether the l attice i s  elastic or rigid. Ponitsch & 

K i rchhe i m  ( 1 996) (fol lowi ng a deri vation by Zener ( 1 95 1 ) ) appl ied this theory to 

d iffusion in  polymers, using the elastic modulus as a measure of elasticity, to 

create the equation: 

(9-8) 

where Mo i s  the elastic modu lus extrapolated to a reference temperature ( taken in 

this study to be - 1 2 1  DC, the glass transition temperature of PDMS) ,  and !(E) is a 

function of the average strain encountered as the permeant moves from site to site 

within the polymer. According to Poni tsch & Kirchheim ( 1 996), the principle 

applies equal ly  to rubbery and glassy polymers, as long as the strain does not 

relax during the t ime period in which a permeant jumps between s i tes in the 

polymer. Substituting Equation (9-8) into Equation (9-7) gives the fol lowing 

equation : 

(9-9) 
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As the elastic modul i  of PDMS fi lms have been found to increase with decreasi ng 

fi l m  thickness (Wang et ai . ,  1 997), i t  therefore fol lows that thinner membranes 

should require greater act ivation energies .  This was indeed found to be the case 

for compounds with molecular weights greater than 1 20 g mol- I (Figure 9-2). 

Shishatski i et al . ( 1 996) also showed that the density of polymer fi lms i ncreased 

as their thickness decreased, meaning that the cohesive energy density, and hence 

the act ivation energy for diffusion, was greater with thinner membranes .  

Estimated Mo values for PDMS Type I ,  PDMS Type 2 and POMS membranes 

were 1 02 M Pa, 34 MPa and 1 0  MPa respectively. Mo for PDMS was estimated by 

taking values for the elastic modulus of the bu lk polymer at  a range of 

temperatures (Latters et ai . ,  1 997), then accounting for the membrane thickness by 

extrapolat ing Wang et al . ' s  ( 1 997) e lasticity data for various fi lm thicknesses (at 

their lowest measured strain of 5%). No l iterature data were avai lable for the 

elastic modulus of POMS,  but i t  was estimated to be approximatel y  2.2 t imes that 

of PDMS ( in the bulk polymer), using a group contribution method explained by 

van Krevelen ( 1 990) . Assuming that the elastic modulus  of POMS and PDMS 

were both influenced by membrane thickness in  the same way, Wang et ai . ' s  

( 1 997) PDMS data were again extrapolated t o  estimate the elastic modulus of 

POMS at the membrane thickness used. 

Figure 9-3 , which shows Equation (9-9) graphical ly,  has y-intercepts equal to tlHs 

(assuming that th is  is  s imi lar for both PDMS and POMS)  and slopes depending on 

fee) .  Therefore, this figure can be used to dist inguish between the two components 

of apparent activation energy: heat of sorption and activation energy of diffusion. 

S lopes of the best fi t l i nes in Figure 9-3 are large and posi t ive for compounds 

greater than 1 20 g mol- I , and c loser to zero for compounds below this critical 

molecular weight (especial ly  water, 2-heptanone and ethyl butanoate) .  This means 

that for smal l compounds, the total act ivation energy was almost entire ly 

determined by the heat of sorption, with the activation energy of diffusion having 

very l itt le influence. In contrast, the act ivation energy for larger compounds was 

strongly i nfluenced by the energy required to diffuse through the polymer matrix .  

The y-intercepts of Figure 9 -3  are given i n  Figure 9-4, which shows two dist inc t  

groups . In the acids ( including water) homologous series, tlHs i ncreased with 
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Figure 9-3: Activation energy versus estimated elastic modulus: (a) compounds with 
molecular weights less than 120 g mol-I ; (b) compounds with molecular weights greater than 
120 g mol- I , 

increasing molecular weight, except for octanoic acid.  In the esters and ketones 

series, Ws was lower than for ac ids, and decreased l inearly with increasing 

molecular weight .  The heat of sorption is a combination of the energy required to 

make a void in the polymer and the energy given off when that void is fi l led by a 

permeant molecule ( ten Hulscher & Cornel issen, 1 996). Larger compounds would 

require a larger void, so the former quantity would increase with molecular 
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Figure 9-4: Heat of sorption (mean ± standard error of the intercept of Figure 9-3) versus 
molecular weight, for water, acids, esters and ketones. 

weight. However, larger compounds of the functional groups tested here are also 

more hydrophobic ,  so would be expected to release more energy when associat ing 

with the hydrophobic polymers making up these membranes. Figure 9-4 seems to 

indicate that of these two factors, the hydrophobic i ty effect was more important 

for esters and ketones, but the molecular size effect was more important for acids 

(except for octanoic acid) .  

Li terature data regarding the heats of sorption of flavour compounds in  the 

polymers studied here are scarce, so the t:.Hs values in Figure 9-4 could only be 

verified for those compounds for which sorption coeffic ients were avai lab le  in  the 

l iterature at more than one temperature (ethyl butanoate and ethyl hexanoate) .  For 

these two compounds, t:.Hs could be estimated from the fol lowing Arrhenius-type 

equation (van Krevelen, 1 990) : 

(9-10) 

In  which 5 i s  the sorption coefficient and 50 i s  the pre-exponential factor for 

sorption.  Table 9- 1 shows that the heats of sorption in Figure 9-4 are s imi lar to 

those calculated from independent data. Their s imi larity increases confidence i n  
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Table 9-1 :  Heats of sorption calculated from literature data (Equation (9-10)) and from 
Figure 9-4. 

Compound Sorption coefficient 

1 8°C 20°C 
in POMSa in  POMSb 

Ethyl 
2 1 .4 

butanoate 

Ethyl 
24 1 .3 

hexanoate 
"Schiifer et al. (2005) 
bCalculated from Trifunovic & Triigardh (2003) 
cLamer et al. ( 1 994) 
dMean ± standard error 

25°C 
in s i l icone 

rubberc 

29.3 

264.6 

Heat of sorption 
(kJ mol- l) 

Equation Figure 9-4d 

(9- 1 0) 

45.7 29. 1 ± 0.3 

9 .5 1 1 .6 ± 0.5 

the data in  Figure 9-4 and Equation (9-9) .  However, Equation (9- 1 0) must be used 

with some caution in this case because sorption coeffic ients at only two 

temperatures, with s l ightly different polymers, were used in the calculation. The 

heat of sorption of water in non-polar polymers has been reported to be around 

25 kJ mol- I (van Kreve len, 1 990), somewhat lower than the value from Figure 

9-4. 

Olsson & Tragardh ( 1 999) suggested that it could be possible to predict 

pervaporat ion act ivation energies from each permeant 's  functional group, its 

activity coefficient at infin i te d i lut ion in water (which influences hydrophobicity 

and therefore solubi l ity in  the membrane ) and its l iquid molar volume (which 

infl uences diffusivity in the membrane). Figures 9-3 and 9-4 support their 

hypothesis that the act ivat ion energy of each compound i s  influenced by its 

functional group and i ts molecular size (evaluated as molecular weight in  the 

current study), but also show that the membrane thickness is  an important factor 

affecting the act ivation energies of certain compounds. Djebbar et al . ( 1 998) 

found no obvious relationship between act ivation energy and compound or 

membrane type, but their apparent acti vation energies were determined based on 

the increase of flux with temperature, rather than the increase of mass transfer 

coefficient with temperature as recommended by Feng & Huang ( 1 996). 
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9.4.3 Relationship between activation energy and pre-exponential factor 

The pre-exponential factor in Equat ion (9-6) was calculated from the y-intercepts 

in Figure 9- 1 .  Logari thms of pre-exponential factors normal i sed for membrane 

thickness (kox/) varied with compound and membrane in a s imi lar pattern to 

activation energies, suggesting that there was a relationship between the two. A 

l i near relationship has been observed between the logarithm of the pre

exponential factor and the acti vation energy (or between the entropy change and 

enthalpy change) for many different chemical processes (Liu & Guo, 200 1 ) , 

including diffusion in  polymers (Barrer & Skirrow, 1 948; Kwei & Arnheim,  

1 962; Prabhakar et aI . ,  2005; Zheng et aI . ,  2007) and sorption i n  foods (Aguerre e t  

aI . ,  1 986) and solvents (Be l l ,  1 937) .  This relationship i s  general l y  referred to as 

the compensation effect .  According to transit ion s tate theory, the logarithm of the 

pre-exponential factor is  proportional to the act ivation entropy in a process, and 

the activation energy is related to the enthalpy difference between the act ivated 

and normal states (Zheng et aI . ,  2007) .  Accordingly, compensation between 

entropy and enthalpy wi l l  lead to a relationship between the acti vation energy and 

the pre-exponential factor. However, in the case of diffusion, the pre-exponential 

factor also depends on the length of each act ivated jump within the polymer 

(Zheng et aI . ,  2007) ,  meaning that the compensation effect in this s ituation is  not 

ful l y  explained by entropy-enthalpy compensation. 

Al though there has been some debate over whether the compensation effect is  real 

or a mathemat ical artefact (Liu  & Guo, 200 1 ; Phi l i bert, 2006) ,  Ponitsch & 

Kirchheim ( 1 996) (fol lowing a derivation by Zener ( 1 95 1 ) ) proposed a physical 

reason for the compensation effect for diffusion in  polymers, relating both the 

acti vation energy and the pre-exponential factor to the elastic modulus of the 

polymer. 

Figure 9-5 shows the compensation effect  between In(kox/) and EalR plotted from 

the resu l ts of the current study, for which the slopes were s imi lar for al l  

compounds, but the i ntercepts varied between different compounds. The average 

s lope of this graph was 0.003 1 K- ' (standard error of ± 0.000 1 K- ' ) .  When the 

slope of each compound ' s  l ine was fixed to this average value, the intercepts 

varied depending on the molecular weight ,  as shown by Figure 9-6. The fol lowing 

empirical relationship gave a good fit for the data in Figure 9-6 (R2 
= 0.998) :  
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I n(-Yintercept ) = 4.00 x 1 0-5 M 1 .87 + 2 .80 
( 9- 1 1 )  

where Yintcrcept i s  the y-intercept o f  Figure 9-5 ( I n(koxl) when EalR = 0) and M i 

the molecu lar weight of the flavour compound. This relat ionship was also tested 
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the y-intercept of Figure 9-5; three data points per compound) . 
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using l i terature data for l iquid molar volumes, molecular volumes or molecular 

cross-sections in  place of molecular weights (data not shown) .  Molecular weights 

proved to give a better correlation than the other measures of molecular size 

tested. However, i t  seems intuit i ve that fee) should depend on the size of each 

permeant molecule,  not only on its molecular weight. This hypothesis could 

potential l y  be investigated by using isomers with the same molecular weight but  

different molecular sizes. 

As there was a relat ionship between act ivation energIes and pre-exponential 

factors, this means that if the acti vation energy could be predicted based on 

knowledge of /).}{S, iCE) and Mo, then the pre-exponential factor could be 

empirical ly  predicted as wel l .  Therefore, predicted values for the effective mass 

transfer coeffic ient and hence the flux could be calculated for differen t  

compounds and different operating conditions. 

van Krevelen ( 1 990) postulated the fol lowing relationship between activation 

energy and pre-exponential factor for permeation in  rubbery polymers (converted 

to natural logari thm uni ts instead of 10g IQ as given by van Krevelen ( 1 990) ) :  

In (ko ) = 0.0023 Ea - 23 .2  
R 

(9- 1 2) 

The constants in  Equation (9- 1 2) are s l ightly di fferent from those determined in  

this study (on Figure 9-5 ,  the slope of each l i ne was close to 0.003 1 K- 1 , and 

intercepts ranged from -29.8  to - 1 8 .3 ) .  In this study, the slope of Figure 9-5 was 

c lose to the inverse of the average operating temperature. Kirchheim & Huang 

( 1 987) explained how, in the case of diffusion, this resul t  arises mathematical l y  

from the form of  the compensation equation rather than for any physical reason ,  

provided that the difference in  diffusiv i ty between matrices (different membranes 

in this case ) is smal l compared with the difference in act ivation energies. They 

argued that, although the compensation effect  works mathematical l y  in this 

situation, i t  could not be used to explain the physical diffusion mechanism when 

appl ied to an individual permeant d iffusing in different matrices (as opposed to 

different permeants diffusing in  the same matrix ) .  
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However, there is  a stronger physical basis to explain why the compensation 

effect for sorption, rather than diffusion, depends on temperature. Liu & Guo 

(200 I )  summari sed a theory relating the compensation effect to entropy and 

enthalpy changes occurring when a solute dissolves in a solvent. Thi s  is re levant 

to pervaporation, because sorpt ion in to the membrane is  one of the contributing 

factors to the permeab i l i ty. According to the theory (Liu & Guo, 200 I ) , when a 

species X dissolves in  a solvent A ,  two processe occur at once: the nominal 

process, in  which X is transferred from its own environment into the solvent 

environment X\a ;  and the environmental process, in  which some A molecules, 

which were surrounded by other A molecules in the environment A\a, are 

transferred into the environment of the solute A\X. The environmental process may 

involve enthalpy and entropy changes, but the free energy change for the 

environmental process is  zero (Liu & Guo, 200 I ) . This means that the enthalpy 

(t1H) and entropy changes (�S) must offset each other, so that : 

Ml - T�S = 0  
Ml = T  �S 

(9- 1 3) 

If the entropy and enthalpy changes for the environmental process are much larger 

than their counterparts for the nominal process, then the proportionality constant 

in the compensation effect equation wi l l  therefore be approximately the inverse 

temperature (Liu  & Guo, 200 1 ) , s ince Ml is related to the act ivat ion energy and 

�S is related to the logari thm of the pre-exponent ial factor. 

The compensation effect has not been reported before for pervaporation, but it has 

been observed for permeab i l i t ies of gases in polymers (van Krevelen, 1 990; 
Yampolsk i i  et al . ,  1 998) (al though not described mechanistical ly ,  as opposed to 

diffusion) .  Permeabi l i ty is a combination of two processes, sorpt ion and diffusion. 

Budrugeac & Segal ( 1 998) discussed how, for a two-step process, an apparent 

compensat ion effect occurs if an apparent rate constant is  used rather than 

evaluating each process separately. Th is implies that the compensation effect 

observed i n  the CUITent study is an apparent effect. 

A false compensation effect occurs if there are experimental errors In  the data 

such that the estimated values for ko and Ea are correlated, even though their true 
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values are not (Liu & Guo, 200 1 ) . Correlation between the est imated values 

occurs because ko and Ea are not determined independently,  so that any 

experimental errors in the data used to calculate them wi l l  translate i nto  correlated 

errors in both ko and Ea. To estab l ish whether an apparen t  compensat ion effect i s  

real or false, Liu and Guo (200 I )  recommended drawing error bars on the 

compensation plot. S tandard errors on each poin t  in  Figure 9-5 were relat i vely 

smal l  compared to the variation between data points; hence, the overal l l inear 

relationship between In(koxl) and EalR exi sts even when errors are taken in to 

account. Therefore, i n  this case the compensation effect i s  not l ikely to be caused 

by experimental error. 

Independent of whether the compensation effect observed in the curren t  study has 

a true physical origin,  the observed correlation in Figure 9-5 can be used 

practical l y  to estimate the pre-exponential factor from the acti vation energy. 

9.4.4 Estimation of effective mass transfer coefficients using correlations 

Activation energies for each compound and each membrane were determined 

from Equation (9-9), taking values of Mls from Figure 9-4 and using the s lope of 

Figure 9-3 as fee) . Each compound' s  molecular weight was substi tuted in to 

Equation (9- 1 1 ) , to obtain a value for the y- in tercept of Figure 9-5.  The act ivat ion 

energy and y-intercept were then used to calcu late the pre-exponential factor, 

using Equat ion (9- 1 4), in which 0.003 1 was the average s lope from Figure 9-5. 

I n(ko ) = 0.003 1 
Ea + Yintcrcept R 

(9- 1 4) 

Effect ive mass transfer coefficients at each temperature could then be estimated 

by substi tut ing the calculated pre-exponential factors and act ivation energies i nto 

the Arrheni us equation.  Predicted effect ive mass transfer coeffic ients are 

compared wi th experimental effect ive mass transfer coeffic ients in  Figure 9-7 

(water), Figure 9-8 (ketones) ,  Figure 9-9 (ac ids) and Figure 9- 1 0  (esters) .  These 

figures show that the accuracy of predictions varied for different compounds. 

Activation energies were c lose to the experimental values, which meant that the 

s lopes of the l ines in  Figures 9-7 to Figure 9- 1 0  (that is ,  the influence of 

temperature on the effect ive mass transfer coeffic ient) could be predicted wel l .  
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However, predicted effective mass transfer coeffic ients were often above or below 

the experimental values by up to  1 .5 logarithmic units .  Thi s  is due to the difficu l ty 

i n  accuratel y  calcul at ing the pre-exponential factor from the act ivat ion energy. 

The best predictions were for those compounds that had correlat ion coeffic ients 

c lose to one in  Figure 9-5 as wel l  as l ying on the best fi t l ine in Figure 9-6 (water, 

ethyl hexanoate, acetic acid,  butanoic acid and hexanoic acid) .  Ethyl butanoate 

and 2-heptanone were the only compounds with R2 less than 0.99 on Figure 9-5;  

more membranes of d ifferent thicknesses would  be needed to improve this 

correlat ion .  Predicted effect ive mass transfer coefficients were then mult ipl ied by 

the calculated act iv ity driving force i n  order to predict fluxes. Predicted fluxes 

were compared to actual measured fluxes for the total flux (Figure 9- 1 1 a) and for 

al l the individual flavour compound fluxes (Figure 9- 1 1  b) .  Figure 9- 1 1 shows 

that, al though there was some scatter, total and individual fluxes were wel l  

predicted overal l .  Therefore, this method could be used to gain an estimate o f  the 

flux  for flavour compounds with these functional groups. 

9.4.5 Extension of model to predict results with different feed mixtures 

9.4.5 . 1 Flavour compound fluxes in fat-contain ing feed mixture 

The procedure i n  Section 9.4.4 was fol lowed, to predict the flux of each flavour 

compound in a model solution containing 20% (w/v) fat (Chapter 7 ) .  These flux 

data had not  been used in the model development .  Al l  model parameters, except 

the driving force, were assumed to be identical in both fat-contain ing and fat-free 

feed mixtures .  The driving force was calculated as described in Appendix B ,  us ing 

the avai l able feed concentrations determined in  Chapter 7 (for acids, the available 

undissociated concentrations were used, because approximately 95% of each acid 

was in  the d issociated form in  this feed mixture,  compared wi th  less than 5% in  

the standard mUlt icomponent feed) . Figure 9- 1 2  shows a good correlation between 

predicted and measured fluxes for water and esters (R2 
= 0.95 and 0.82 

respectively) ,  but f1uxes were over-predicted for ketones (R2 
= 0.45 ) ,  and poorly 

predicted for acids (R2 
= 0.0 1 ) . Negative fluxes were predicted for octanoic acid  at 

20°C and 30°C (-0.00 1 6 Ilmol m-2 S- l and -0.0006 Ilmol m-2 S- l respectively) ;  

these negat ive values could not be shown with the logari thmic scale in  Figure 

9- 1 2 . Corresponding (positive) measured fluxes for octanoic acid were 
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Figure 9- 1 1 : Predicted versus experimental fluxes for (a) water ( total flux; R2 
= 0.97) 

and (b) flavour compounds (R2 
= 0.85 ). The diagonal line shows an ideal 1 : 1  

relationship between the two. 

0.009 ± 0.004 Ilmo\ m-2 S- I and 0.058 ± 0.029 Ilmo\ m-2 S- I , at 20°C and 30°C 

respectively. 

As the model was developed using a fat-free feed solution, i t  was necessary to 

assume that the fat influenced only the driv ing forces of flavour compounds, not 

their effect ive mass transfer coeffic ients. Chapter 7 showed that this assumption 
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2 kPa permeate pressure. Graph excludes negative predicted fluxes for octanoic acid at 20°C 
and 30°C. 

was not always valid, which is one reason for the imperfect agreement between 

the predicted and measured fluxes in Figure 9- 1 2 . As well as possibly decreasing 

the mass transfer through the feed boundary l ayer, the added fat would have 

altered the part i t ioning of the flavour compounds between the feed and the 

membrane (sorption) .  The heat of sorption is  one contributor to the activat ion 

energy (Equation (9-9) ) ,  which i s  an essential part of the mode l .  

For the  feed solut ion with 20% fat, fluxes were measured a t  three temperatures 

(Chapter 7 ) .  The effective mass transfer coeffic ients were calculated at each 

temperature, and activation energies of permeation were determined in the same 

way as in Section 9.4. 1 .  These are shown in Tabl e  9-2, along with the 

corresponding activation energies using the standard mUlt icomponent feed (taken 

from Figure 9-2) . For most compounds, the activation energies were statistical l y  

s imi lar for both feed solutions. However, this s imi larity is  main ly  due to the l arge 
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Table 9-2: Activation energies of permeation ( mean ± standard error) for flavour 
compounds and water, in feed solutions with and without fat. Membrane: PDMS Type 1 .  

Compound Molecular weight Activation energy (kJ mol I) 
(g mol-I ) Standard Model feed 

multicomponent mixture 
feed with 20% fat 

Water 1 8 .0 47 ± I 33  ± 1 0  
----------------------------------------------------------------------------------------------------------------------------------------------------------------

2-Heptanone 1 1 4 .2 38  ± 5 66 ± 45 
2-Nonanone 1 42 .2  74 ± 9 96 ± 46 

------------------------------------------------------------------------------------------------------------------------------------------------
Ethyl butanoate 1 1 6.2 36 ± 5 74 ± 49 
Ethyl hexanoate 1 44.2 70 ± 8 99 ± 57 

___ �_�b2'.! __ <2�����_�!_� ______________________ !}�_} __________________________________ ?X __ � __ LI 
__________________________ Z�_�} ______________ _ 

Acetic acid 60. 1 84 ± 7 83 ± 36 
Butanoic acid 88. 1 89 ± 7 I 1 6  ± 3 1  
Hexanoic acid 1 1 6 .2 I 1 2  ± 1 0  1 23 ± 3 I 
Octanoic acid 1 44.2 1 42 ± 1 0  1 08 ± 1 0  

standard errors i n  the fat-contain ing model feed mixture,  because the activation 

energy for this feed mixture was calculated from comparat ively few data points 

(n ine data points spread across three temperatures, compared with 35 data points 

and four temperatures for the standard mult icomponent feed). 

For most of the low molecular weight flavour compounds, the fat-containing feed 

mixture had greater acti vation energies than the standard mult icomponent feed, 

al though the difference was general ly  not significant .  Thi s  trend can be explained 

in terms of the two terms making up the total acti vat ion energy (Equation (9-7)) .  

In Section 9 .4 .2 ,  i t  was shown that the heat of sorpt ion was the main contributor to 

the activat ion energy for compounds with molecular weights lower than 

1 20 g mol- I , whereas the acti vat ion energy of diffusion was relat ively more 

important for larger compounds. Added fat is not expected to affect the activation 

energy of diffusion, as it is  assumed not to penetrate i nto the membrane. 

The heat of sorpt ion is a measure of the ease with which permeants pass from the 

feed solution into the membrane. Adding fat makes the feed solution more 

hydrophobic, so that hydrophobic permeants are more attracted to the feed and do 

not pass into the membrane as easi ly .  Hence, for hydrophobic permeants, the heat 

of sorption should be greater when the feed solution contains fat , than with an 

aqueous feed solution. For sorption-control led compounds (those with molecular 

weights lower than 1 20 g mol- I ) ,  this should lead to the acti vation energy being 
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higher in a fat-contai ning feed sol ution. Table 9-2 shows that this was true for a l l  

compounds with molecular weights less than 1 20 g mol- I , apart from acetic acid  

(for which the acti vation energies were al most identical in both feed solutions) 

and water. Acetic ac id and water are both hydrophi l ic ,  which means that they 

should be less attracted to a fat-containing feed than an aqueous feed. Hence, the ir  

overal l  energy requ irement to pass from the feed into the membrane was lower 

with a fat-contain ing feed than wi th an aqueous feed. 

For compounds larger than the critical molecular weight of 1 20 g mol- I , the heat 

of sorption was not the main contributor to the acti vation energy; therefore, the 

addition of fat should not have had a strong influence on the activation energy. 

Two of these compounds (2-nonanone and ethyl hexanoate) had greater act ivation 

energies when fat was added, and the other two (ethyl octanoate and octanoic 

acid) had lower acti vation energies (Table 9-2 ). 

9 .4 .5 .2  D iacetyl flux in  starter disti l l ate 

In Section 9.4.5 . 1  above, the model was applied to the same nme flavour 

compounds from which it was developed, in a different feed solution. In th is  

section,  the model is  appl ied to a different flavour compound: diacety l .  The fluxes 

of diacetyl and water, with a feed of starter dist i l late, were model led and 

compared to the measured data in Chapter 8.  

In contrast to the flavour compounds in the previous section, the acti vation energy 

for diacetyl was unknown. Equation (9-9) was therefore used as a start ing point .  

The heat of sorption for d iacetyl was calculated from Vankelecom et al . ' s  ( 1 997)  

data for the influence of temperature on sorption in PDMS (calculation shown in  

Appendix I ) ,  and i t s  strain function (f(E)) was estimated as  the  mean of a l l  fee) 

values for model solut ion compounds with molecular weights lower than 

1 20 g mol- I . After determining the act ivation energy using Equation (9-9), the 

fluxes were predicted for d iacetyl and water in  starter disti l l ate, fol lowing the 

procedure described in  Section 9.4.4. 

Table 9-3 shows that the model predicted the fluxes reasonabl y  wel l ,  except for 

the case of diacetyl at 40°C. For water at 20°C, the flux was also higher than 

predicted; this can be attributed to plastici sation of the membrane as discussed in  

Chapter 8.  Diacetyl ' s  predicted and experimental fl uxes at 20°C were remarkabl y  
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Table 9-3: Comparison of experimental and predicted fluxes for starter distillate. 

Compound Feed temperature Experimental fluxa Predicted flux 

Diacetyl 

Water 

"Mean ± standard error 

( CC)  (gmo] m-2 S- I ) (gmol m-2 S- I ) 
20 1 3 . 1  ± 0.3 1 3 . 5  
40 1 7 1  ± 85 20 
20 5960 ± 300 3460 
40 57300 ± 4300 59500 

c lose, gIven that the data for diacetyl were not used at al l In  the model 

development. 

9.S Conclusions 

Fluxes could  be estimated for th is  pervaporation system, as  a function of the 

elastic modulus  of the membrane, experimental values of each compound ' s  heat 

of sorption and /CE) ,  and the empirical relationship between activation energy and 

pre-ex ponential factor. 

The act ivation energy of diffusion was only an important contributor to the total 

apparent acti vation energy for compounds l arger than a certain critical molecu lar 

weight. For these compounds, thinner membranes had higher act ivation energies 

due to their  greater e lastic modul i .  For smal ler compounds, thermodynamic 

factors , such as the heat of sorption, were more important than the activation 

energy of diffusion. 
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Pervaporation of dai ry flavo u rs :  Overal l  
d iscussion,  concl usions and recommendations 

1 0. 1  Overal l  d iscussion : Using pervaporation to 
concentrate dairy flavours 

Some appl ications of hydrophobic pervaporation have been studied extensively;  

for example, aroma recovery from frui t  ju ices or j uice by-products (reviewed by 

Pereira et aI . ,  2006) ,  environmental appl ications (reviewed by Kujawski ,  2000; 

Peng et aI . ,  2003) and product recovery from fermentation systems (reviewed by 

Vane, 2005) .  The first two of these appl ications have now reached i ndustrial scale 

(Jonquieres et aI . ,  2002 ; Wi l lemsen, 2005). 

The current work has focussed on using pervaporation to concentrate flavours in  

dairy streams,  for which the accumulated knowledge has not  yet reached the level 

of the above appl ications. This study bui lds on the foundations laid by other 

researchers ; for example, S ibeijn  et al. (2004) h ighl ighted the potential of 

pervaporation for downstream processing of dairy flavour process streams.  

Earl ier, Baudot & Marin ( 1 996) investigated pervaporation for the recovery of 

some dairy flavour compounds, and discussed its appl ication to real dairy 

products. Rajagopalan et al . ( 1 994) showed that pervaporation could be used to 

recover diacetyl (a butter-flavoured compound) ei ther from an aqueous solution, 

or from a mixture contain ing lactose or whey permeate. The current study has 

shown that pervaporation has potential as a method for concentrat ing or 

fractionating flavours in  dairy process streams.  Its effectiveness depends on the 

flavour compounds being concentrated, the operat ing conditions, and the 

characteri stics of the feed m ixture. 

1 0. 1 . 1  Comparison of dairy flavour compounds with respect to their 
pervaporation behaviour 

When pervaporation is  used for flavour concentration, the desired product may be 

either a flavour concentrate with a s imi lar but stronger flavour than the feed, or a 
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concentrate with a different flavour character from the feed. The first of these is  

ach ieved if al l the important flavour compounds in  the feed have s imi lar 

enrichment factors, and the second is  achieved by select ive ly  concentrating some 

of the flavour compounds. In the current study, the enrichment factors of model 

dairy flavour compounds (homologous series of acids, esters and ketones, in an 

aqueous solution) varied from less than one to greater than 30, depending on their 

functional groups and molecular weights (Chapter 5). This finding suggests that if 

the feed is  a dairy flavour stream containing a variety of different flavour 

compounds, the second of the two goals l isted above is the more real ist ic .  

With the three membranes tested, esters and ketones were concentrated more 

effect ively than ac ids, part ly due to their h igher vapour pressures resu lt ing in a 

h igher driving force, and part ly due to their greater affini ty for the hydrophobic 

membrane compared with the aqueous feed. For the smallest ester and ketone, this 

was especial ly true with the POMS membrane, which is  more hydrophobic than 

PDMS (Trifunovic & Tragardh , 2006) .  Within each homologous series, the 

enrichment factors and normal ised f1uxes of smal ler acids increased with 

increasing molecular weight, whereas those of larger compounds (acids, esters 

and ketones) decreased. The transit ion between increasing and decreasing flux 

occurred at approximately  1 20 g mol- I , depending on the membrane, feed 

temperature and permeate pressure (Chapter 5 ) .  This finding indicated that, in this 

pervaporation system, the permeation of smal ler, more hydroph i l ic compounds 

depended mainly on their sorption into the membrane, and the permeation of 

larger, more hydrophobic compounds was control led mainly by their diffusion 

through the membrane. 

As the enrichment factors of flavour compounds varied both within and between 

the three homologous series tested, the permeate from pervaporat ion of a dairy 

stream would be expected to have a different fl avour profi le from the original 

dairy stream. Th is observation creates an opportunity to use pervaporation to 

fractionate a flavour mixture into desirable and undesi rable flavours. 
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1 0. 1 .2 Effect of operating conditions on pervaporation of flavour 

compounds 

Three different hydrophobic membranes were tested for pervaporation of the 

standard mul ticomponent feed solution, at a range of feed temperatures and 

permeate pressures (Chapter 5 ) .  Although it is general ly  accepted that 

pervaporation f1uxes i ncrease with increasing feed temperature and decrease wi th 

increasing permeate pressure, the magnitude of f1uxes was not known for this 

part icular system. Therefore, the objective was to gather basel ine data for the flux  

of  each compound at a range of operati ng conditions. 

Pervaporation f1uxes are a function of the driving force and the overal l  mass 

transfer coefficient (which includes sorption in and diffusion through the 

membrane, as wel l  as mass transfer in the feed boundary layer) . The permeate 

pressure directly i nfluences the driving force by determining the act iv i ty of each 

permeant compound downstream of the membrane, which is why f1uxes 

decreased with increasing permeate pressure (Chapter 5) .  

The choice of membrane i nfluences the mass transfer coeffic ient rather than the 

driv ing force. In this  study, the total flux with the PDMS Type I membrane 

(0.5 Ilm) was approximately  an order of magnitude greater than that wi th the 

POMS membrane (5-6 Ilm) ,  with the PDMS Type 2 membrane ( 1 .5 Ilm) in  

between. Al though the f1uxes c learly depended on the membrane thickness, the 

relationship was not inverse l y  proport ional , as would be expected if the 

membranes were identical and all other factors were equal (Spitzen et al . ,  1 988 ;  

Baker e t  al . ,  1 997; Pereira et al . ,  1 998) .  After normal i sing for the act ive layer 

th ickness, the PDMS membranes sti l l  achieved higher f1uxes than the POMS 

membrane, due to  their different polymeric s tructures. Of  the two PDMS 

membranes, the thicker membrane achieved 30% greater thickness-normal ised 

f1uxes, which suggests that concentration polarisation occurred on the feed s ide, 

presenting a mass transfer resistance which was not negl igible with the thinner 

membrane (Chapter 5 ) .  

The feed temperature has two mam effects on  pervaporation : both the  driving 

force and the mass transfer coefficient are greater at higher temperatures. The 

temperature infl uences the driving force through its effect on the feed vapour 

pressure of each permeant compound (Lipnizki et al . ,  1 999). The influence of 
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temperature on mass transfer was expressed in  terms of the Arrhenius activation 

energy, which differed depending on the flavour compound. For compounds with 

molecular weights lower than 1 20 g mol- J , the activation energy was main ly a 

function of the heat of sorpt ion;  for larger compounds, both the heat of sorption 

and the activation energy of diffusion contributed to the total activation energy 

(Chapter 9) .  This finding confirms the interpretation of the results in Chapter 5 :  

that the permeation o f  small flavour compounds was sorption-control led and that 

of larger compounds was diffusion-control led. 

When 20% (w/v) fat was present in  the feed mixture, the temperature had a lesser 

effect on the flux (Chapter 7) ,  but a greater effect on the effect ive mass transfer 

coeffic ients of some flavour compounds (Chapter 9) ,  compared with a fat-free 

feed. Raising the temperature increased the the affin i ty of the flavour compounds 

for the feed mixture, by increasing the hydrophobic interactions between the fat 

and the flavour compounds (Nongonierma et al . ,  2006). This meant that with a 

fat-containing feed mixture, the driv ing force of each compound did not increase 

as much with temperature as when the feed solution contained no fat .  

The act ivation energy of permeation for most sorption-control led flavour 

compounds was higher when 20% (w/v ) fat was present, compared with an 

aqueous feed (Chapter 9 ) .  A greater activat ion energy means that the temperature 

had relatively more influence on the effect ive mass transfer coefficient. It can be 

assumed that more energy was required for hydrophobic flavour compounds to 

sorb into the membrane from a fat-containing (more hydrophobic) feed than an 

aqueous ( less hydrophobic) feed, which caused the activation energy to increase 

for those compounds that were sorption-control led (smal l )  but st i l l  relatively 

hydrophobic .  

H igher temperatures al low a higher flux ,  but also mean that more energy must be 

suppl ied to the process. To opt im ise the cost-effect iveness, the feed temperature 

must be chosen to max imise the flux while keeping the energy input at an 

acceptable level ,  as well as opt im ising enrichment factors and ensuring that the 

product is  not thermal ly  damaged. Pract ical ly ,  the findings discussed above mean 

that less of a flux advantage is  gained by rais ing the temperature, if  the feed 

contains fat .  Therefore, the most cost-effective feed temperature may be lower for 

fat-containing feed streams. 
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1 0. 1 .3 Influence of the feed mixture on pervaporation of flavour 

compounds 

The characteristics of the feed mixture proved to be very important in determining 

the effectiveness of pervaporation for concentrat ing flavours. As differen t  dairy 

products and process streams have wide ly varying composit ions, some would be 

better candidates than others for further processing w ith pervaporation .  Several 

aspects of the feed mixture were studied : the pH,  the volat i le  composit ion, and the 

presence of non-volatile dairy components. 

The permeation of acids through the membrane could be manipulated by altering 

the pH  of the feed (Chapter 5) .  Thi s  result  provides a s imple way of contro l l ing 

whether the acids in  a flavour mixture wi l l  pass through the membrane, provided 

that the pH i s  kept within a range that wi l l  not cause denaturation of any proteins 

in  the feed mixture. In s i tuations where acid flavours are desi red in the permeate, 

the feed pH should be kept low; conversely, if acids are undesirable ,  the feed pH 

should be close to neutral (depending on the pKa values of the part icular acids in  

the feed). I t  has previously been found that the feed pH determined the affin ity of 

an acid for a hydrophobic membrane material ( Ikegami  et aI . ,  2005) ,  but 

manipulation of the feed pH has not been used before as a way to control the 

permeate composition in  flavour pervaporation.  

F luxes sometimes differed between feed solut ions with different volati le 

composit ions, due to coupling interactions between the flavour compounds 

(Chapter 6). Coupling between flavour compounds was difficult  to predict, but i t  

had e i ther a neutral o r  negat ive effect on f1uxes in  most cases. I t  appears that 

coupl ing main ly  occurred as a resul t  of competit ion between compounds from 

different functional groups, and that the extent of this coupl i ng depended on the 

total concentration of compounds from different functional groups. Coupl ing 

seemed to affect the water flux as well as the flavour compound f1uxes; most 

flavour compounds caused the water flux to be lower in  a binary or 

mul ticomponent feed solut ion than with a pure water feed. In  contrast, i t  appeared 

that ethyl butanoate and octanoic acid increased the mass transfer of water when 

they were present in  a binary feed solution, but not in  a multicomponent feed. 

Further experiments with different combinations of flavour compounds, at 
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different concentrat ions, would be needed to ful ly  explain these complex coupling 

effects .  

Many dai ry flavour ingredients are produced via fermentat ion, for which ethanol 

is  a common by-product .  The effect of ethanol on the pervaporat ion of some 

alcohols, aldehydes and esters has been investigated previously (Beaumelle et al . ,  

1 992; Karlsson & Tragardh, 1 994; Tan et al . ,  2005) .  The current study adds more 

flavour compounds (acids and ketones) to the exist ing body of l iterature. When 

ethanol was added to the feed at a typical concentration for a fermented dairy 

product (5% v/v) ,  i t  increased the fluxes of four of the flavour compounds tested 

(by up to 59%), but did not affect the water flux or the fluxes of the other five 

flavour compounds. The increase in  permeabi l ity caused by ethanol addition 

compensated for any reduction of the driv ing forces in  the presence of ethanol,  so 

that the net effect on flux was posi t ive or neutral (Chapter 6) .  Ethanol permeated 

through the membrane more eas i ly than water, so it  di l uted the flavour compound 

concentrations in the permeate. Therefore, if  pervaporation is  used to concentrate 

flavours in an ethanol-containing dairy fermentation, the resul t ing permeate 

flavour may be weaker than if ethanol was not present, even though the f1uxes of 

some compounds may be higher. 

As well as volat i le compounds, dairy flavour products general ly  contain fat ,  

protein and lactose. In th is  study, these non-volat i le components affected the 

pervaporation of esters and ketones through their interactions in  the feed, whereas 

they affected the pervaporation of acids through their influence on the feed pH 

(Chapter 7 ) .  

When ei ther mi lk  protein or lactose was present in  the feed mixture ,  these non

volat i le components bound the esters and ketones as well as octanoic acid, but the 

three smal ler acids were not observed to b ind to the protein or lactose. Th is 

binding would have decreased the sorption of esters and ketones into the 

membrane. Therefore, milk protein isolate (4% w/v) or lactose (6% or 1 2% w/v) 

decreased the fluxes, and hence the enrichment factors, of sorption-l im i ted (short

chain )  esters and ketones, but did not affect diffusion-l imi ted ( longer-chain) 

compounds (Chapter 7). 
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In  feed mixtures that contained fat, the flavour compounds partit ioned between 

the fat and water phases. This reduced the driving forces of esters and ketones, 

which caused their fluxes and enrichment factors to decrease as the fat level in  the 

feed was increased from 0% to 38% (w/v) .  

When 20% fat (w/v) was added to the feed together wi th  ei ther 4% (w/v) mi lk  

protein  i solate or 6% (w/v) lactose, i t  appeared that a larger number of compounds 

became sorption-control led instead of diffusion-control led. This is plausible 

because the fat-contain ing feed mixture would have been more favourable to the 

hydrophobic flavour compounds than an aqueous feed solution, thereby lowering 

the sorption coefficient between the membrane and the feed. Therefore, when fat 

was present, protein or lactose reduced the permeation of esters and ketones wi th 

molecular weights less than approximately  1 50 g mol- I , compared with 

approximate ly  1 20 g mol- 1 i n  the absence of fat (Chapter 7) .  

In  contrast to  esters and ketones, the non-volatile dairy components general ly  did 

not reduce the vapour pressures of acids in  the feed. However, the added fat and 

prote in ,  and to a lesser extent lactose, caused the feed to become less acidic .  As 

previously d iscussed, increasing the feed pH led to the acids having lower fluxes 

and enrichment factors. 

The i nfluence of the feed mixture means that potential feed streams must be 

chosen very carefu l ly. Ideal ly,  feed mixtures should not contain any low-volat i l i ty 

compounds that may reduce the membrane performance over t ime (Chapter 4) . 

For appl ications i n  which the aim is to achieve h igh permeate concentrations of al l  

flavour compounds, the negative effects of feed components on flavour compound 

enrichment factors should be min imised. H igh-fat process streams are not 

recommended for pervaporation, un less the fat could be removed upstream of the 

membrane without removing the flavour compounds. Feed streams contain ing 

prote in  or lac tose would be appropriate if the permeation of the most important 

flavour compounds was diffusion- l imi ted. In other words, the key flavour 

compounds should have relati vely h igh molecular weights, in order for the ir  

permeation to  be unaffected by protein  or lactose. 

For other appl ications, where the aim is to fractionate a mixture of flavours, there 

is an opportuni ty to del iberately manipulate the feed characteristics, in order to 
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control which feed components pass through the membrane. For example, 

permeation of acids could be min imised by rais ing the pH of the feed solution 

(Chapter 5). If relat ive ly  more diffusion-control led ( larger) flavour compounds 

were desired in  the permeate compared with sorpt ion-control led compounds, a 

substance that b inds flavour compounds, such as lactose or prote in ,  could be 

added to the feed (Chapter 7). However, the economic feasib i l i ty of this practice 

would need to be determined. 

1 0. 1 .4 Application to real dairy process streams 

To investigate actual pervaporat ion appl ications relevant to the flavours sector of 

the dairy industry, studies were carried out with ei ther starter dist i l l ate or ester 

cream as the feed (Chapter 8) .  

S tarter dist i l l ate, as produced, contains a lower leve l  of diacetyl than is  desired for 

use as a flavour ingredient in  some appl ications. Using pervaporat ion, i t  was 

possib le to concentrate the diacetyl in starter dist i l late from 2200 ppm to 

20 500 ppm. However, a large amount of starter disti l late wou ld be needed to 

produce a relatively smal l amount of permeate, so the economic benefits of this 

al ternative process should be weighed against its costs before i t  is  developed 

further. 

Pervaporation was usefu l  for partial l y  fractionating the flavours in ester cream, 

but did not concentrate the flavours to any great degree. Compared with the feed, 

the permeate contained relati vely more short-chain esters, which have desirab le  

fruity flavours, and rel atively less  long-chain esters and acids, which have soapy, 

waxy or metal l ic characterist ics. However, ester cream was not an ideal feed 

stream because i t  contained 20% fat, which meant that most flavour compounds 

permeated poorly through the membrane and were not enriched using 

pervaporat ion. The resul ts were not consistent between runs, because the ester 

cream feed did not remain homogeneous. 

Many of the results with starter disti l l ate or ester cream could be estimated based 

on the resul ts  obtained with model feed mixtures. The enrichment factors of five 

flavour compounds in ester cream (acids and esters) were c lose to their 

enrichment factors in a model feed mixture contain ing the same amount of fat. In 
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starter disti l l ate, esters and ketones had greater enrichment factors than acids, 

which i s  the same trend as found with model solutions. However, the real dairy 

products were more complex than the model feed mixtures, in terms of both the 

mixture composition and the distribution of components throughout the mixture. 

These complex ities i nfluenced some of the results. Within each homologous 

series, the trend of enrichment factors increasing or decreasing with molecular 

weight sometimes differed between starter dist i l late and model solutions; the 

difference may be caused by interactions between the many volat i le  compounds i n  

starter disti l l ate. The total flux of  starter dist i l late was double that of a model feed 

solution at 20°C, possibly because the high concentration of diacetyl promoted 

membrane plastic isation.  The total flux of ester cream was also greater than that 

of a model solution containing the same amount of fat, because with ester cream 

the fat was not even ly distributed throughout the feed. These findings emphasise 

the i mportance of the feed composition i n  determining the pervaporation 

performance. 

1 0.1 .5 Prediction of pervaporation fluxes 

It is advantageous to be able to predict the relative effects of temperature on the 

different flavour compounds in the feed. If the feed contains compounds with very 

different acti vation energies, al tering the temperature wi l l  alter the composition of 

the permeate. In this case, the permeate composition could potential ly be 

manipulated by changing the operating condit ions. 

An empirical model was developed to estimate the acti vation energies and pre

exponential factors, and thus the effective mass transfer coeffic ients, for 

pervaporat ion of flavour compounds (Chapter 9) .  Models that had original l y  been 

developed for the diffusion of gases in  polymers, relating the act ivat ion energy to 

the polymer ' s  elastic modulus and to the pre-exponential factor (Ponitsch & 

Kirchheim,  1 996; Liu & Guo, 200 1 ) , were combined with a pervaporation model 

relat ing the total activat ion energy to the heat of sorption and the activation 

energy for diffusion (Feng & Huang, \ 996) . The activation energy for permeation 

of each flavour compound was thus a function of its heat of sorption in the 

membrane and the elastic modulus of the membrane. The empirical constant i n  

this relationship depended on the strain encountered during diffusion,  and i t  
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differed for each flavour compound. Th is constant was close to zero for sorpt ion

control led compounds. 

In  order to determine the effect ive mass transfer coefficient of a part icular 

compound at a part icular temperature, two Arrhenius parameters were required: 

the act ivation energy and the pre-exponential factor. These two parameters were 

related through an empirical equat ion based on the compensation effect. One of 

the empirical constants in this equat ion was related to the molecular weight of the 

flavour compound. The d iffusion of smal l molecules in  polymer i known to 

fol low the compensat ion effect (Barrer & Skirrow, 1 948; Kwei & Arnheim, 1 962; 

Prabhakar et al . ,  200S ; Zheng et al . ,  2007). However, th is  is the fir t t ime that the 

compensation effect has been reported for pervaporation.  Using the compensation 

effect gi ves this model the advantage that the pre-exponential factor does not need 

to be model led separate ly from the act i vat ion energy. 

The resul ting correlations could be used to predict the f1uxes of flavour 

compounds, based on the operat ing condit ions, the permeant propert ies and the 

elastic modu lus of the membrane. Although the model is  empi rical and hence 

appl ies only to this part icular pervaporat ion system, it is expected that s imi lar 

models could be developed for other pervaporat ion systems, by changing the 

empirical constants. 

1 0.2 Conclusions 

Pervaporat ion could be used to concentrate and fract ionate dairy flavours in  

certain feed mixtures. Of the flavour compounds tested, esters and ketones, 

especial l y  those with low molecular weights, were concentrated to a greater 

degree than ac ids. In the pervaporation system tested, the mass transfer was 

dominated by sorpt ion for flavour compounds with molecu lar weights lower than 

approximately 1 20 g mol- I , and dominated by diffusion for larger compounds. 

Fluxes could be esti mated through empirical correlat ions, which depended on the 

operat ing condit ions and the propert ies of the flavour compound and membrane. 

A high feed temperature and a low permeate pressure led to the greatest f1uxes.  Of 

the three membranes tested, the highest f1uxes were achieved with PDMS Type I .  

The effect of the operating conditions on the enrichment factors was dependent on 
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the flavour compound: acids had the highest enrichment factors at h igh-flux 

conditions, sorption- l imi ted esters and ketones had the h ighest enrichment factors 

at low-flux conditions, and the enrichment factors of diffusion- l imi ted esters and 

ketones did not appear to depend on the operating condit ions. 

The feed characteristics ( i ts pH,  and the mix ture of permeants and non-volat i le  

substances) had a major impact on the pervaporation of flavour compounds. The 

enrichment factor of each flavour compound was strongly influenced by whether 

it was in a s imple model solution or a more complex feed mixture. M i lk  fat ,  mi lk  

protein and lactose a l l  reduced the permeation of  a t  least some flavour 

compounds. Therefore, in applying pervaporation to dairy products, it is important 

to understand how each flavour compound wi l l  interact wi th the feed m ix ture. 

Of the two real dairy products tested, the flavours in starter disti l l ate could be 

concentrated more effectively than those in  ester cream. 

1 0.3 Recommendations for future research 

The decl ine of membrane performance over t ime needs to be addressed, to reduce 

the frequency at which membranes need to be replaced. Firstly ,  which compounds 

caused the flux  decl i ne should be confirmed, by measuring the rate of flux decl ine 

with s ingle-component feed solutions. The design of the pervaporation uni t  

( including the membrane) should be improved, to prevent condensation of these 

compounds in the membrane. 

Future research could focus on manipulating the feed characterist ics with the 

objective of obtaining the desired permeate composit ion.  This would involve 

defining the ideal flavour composit ion of the permeate, and then altering the feed 

pH or adding non-permeating components in  order to enhance or h inder the 

permeation of each flavour compound. 

A more extens ive study of coupl i ng effects between a range of flavour compounds 

could be another avenue for future research.  In order to attain a better 

understanding of the coupl ing mechanism, the sorption and diffusion coeffic ients 

of flavour compounds should be compared for various mixtures of compounds 
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with the same functional group or different functional groups, at a range of 

concentrations. 

Research to refine and validate the empirical model in  Chapter 9 is  also 

recommended. For example, work could focus on i ndependently verifying each of 

the model parameters (heats of sorption, f(c) and membrane elastic modulus) .  The 

model also needs to be val idated using independently generated data sets wi th 

different membranes and flavour compounds. 

In  this study, the permeate was analysed in  terms of the flavour compound 

concentrations. Commercial ly ,  the next step would be to determine the usefu lness 

of pervaporation permeate as a flavouring ingredient. This wou ld involve first 

choosing appropriate process streams for the feed, taking into account the feed 

characteristics as discussed earl ier, as wel l  as the cost -effecti veness. A sensory 

panel  should assess the permeate, to ensure that it had an acceptable flavour. 

Trials should also be carried out using the permeate as an ingredient in a potential 

product .  It is recommended that these further trials be carried out using a p i lot

scale pervaporation unit, which would enable adequate amounts of permeate to be 

col lected in a shorter t ime than with a l aboratory-scale unit ,  as wel l as al lowing 

any problems with upscal ing to be reso lved before proceeding to industrial scale .  

Pi lot-scale trials should be calTied out  as  a continuous rather than batch process, to  

reflect the l ike ly  industrial-scale process .  

Pervaporation i s  not recommended as a method to concentrate flavours in high-fat 

dairy process streams, such as ester cream. Low-fat process streams, such as 

starter dist i l late, are more promis ing. The process shou ld  be analysed from an 

economic point of view, comparing it with other flavour concentration techniques, 

before a decision can be made on whether to adopt pervaporation as a method for 

flavour concentration in  the dairy indu try. 
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Appendix A 

Extraction efficiencies of flavour  compounds 

The apparent extraction efficiency o f  each flavour compound i s  a measure o f  how 

wel l  i t  could be extracted for GC analysis,  compared wi th the internal standard 

(propyl butanoate). Samples of known composi tion were extracted, and the 

apparent concentration of each flavour compound was determined using GC 

( in ternal standard method). The apparent extraction efficiency for each compound 

was defined as the ratio between i ts known concentration in  the sample and i ts 

apparent concentrat ion. Those compounds with apparent extraction effic iencies 

greater than one were extracted more easi ly  than propyl butanoate. 

The extraction efficiencies of flavour compounds in aqueous solutions, usmg 

direct extraction with diethyl ether, are given in Table A- I (compounds in  the 

standard multicomponent feed) and Table  A-2 (extra flavour compounds) .  

Table A- I :  Apparent extraction efficiencies of flavour compounds in the standard 
multicomponent feed. 

Compound Apparent extraction efficiency 
2-Heptanone 0.85 
2-Nonanone 0.89 
Ethyl butanoate 0.99 
Ethyl hexanoate 1 . 1 6 
Ethyl octanoate 1 . 32  
Acetic acid 0.95 
Bu tanoic acid 0.49 
Hexanoic acid 
Octanoic acid 

0.4 1 
0 .33 

Table A-2: Apparent extraction efficiencies of flavour compounds additional to those in the 
standard muiticomponent feed. 

Compound Apparent extraction efficiency 
Ethyl decanoate 1 .47 
Propanoic acid 0.47 
Pen tanoic acid 0.44 
Heptanoic acid 0.43 
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Extract ion eff ic iencies of flavo u r  compounds 

Table A-3 gives the apparent extraction efficiencies using an SPE extraction 

method (for samples that contained non-volat i le substances) .  

Table A-3: Apparent extraction efficicncics of flavour compounds with an  SPE extraction 
method, for mixtures with various levels of fat. 

Compound Aeearent extraction efficienc� 
No fat 5% fat 1 0% fat 20% fat 38% fat 

2-Heptanone 2.0 1 1 . 57 2 . 1 8  2 .36 0.90 
2-Nonanone 3 .56 1 . 57 2 . 1 5  2 . 1 1  1 .07 
Ethyl butanoate 3 . 30 2.50 3 .05 4.07 1 . 1 2 
Ethyl hexanoate 4.0 1 2 .08 3 .05 3 .86 1 . 1 5 
Ethyl octanoate 1 .7 1  1 .27 1 .9 1  2 . 1 8  0.90 
Acetic acid 1 .46 1 . 54 1 . 62 2.04 1 .09 
Butanoic acid 1 . 87 2 .05 2.23 3 .26 1 . 1 0 
Hexanoic acid 2.50 2 .23 2.68 3 . 36 1 . 1 0 
Octanoic ac id 3 .09 1 .60 2.30 2.80 0.66 
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Appendix B 

Calcu lation of d rivi ng forces and effective 
mass transfer coefficients 

This appendix describes the calculations involved in determin ing the effect ive 

mass transfer coefficients of flavour compounds. The example calculations shown 

throughout are for acetic acid,  with the PDMS Type 1 membrane, a feed 

temperature of 30°C and a permeate pressure of 1 .5 kPa. Data for the other 

flavour compounds and operat ing conditions are shown at the end in Table B- 1 .  

The effect ive mass transfer coefficient is  defined as the proportional i ty constant 

between the flux and the driving force :  

(B- 1 )  

where Ji i s  the flux o f  compound i, ki,ol' is the overal l effective mass transfer 

coefficient of  compound i, and Qi,f and Qip are the act iv i ties of compound i on the 

feed and permeate sides of the membrane respect ively. The driving force is given 

by the term ins ide the brackets. 

B.1  Feed activity 

The act iv i ty of compound i on the feed side of the membrane i s  the product of i ts 

mole fraction in the feed (Xi,f) and i ts act iv ity coefficient ( '}1,f): 

a iJ = xi,j ri,f 

B. 1 . t  Mole fraction in feed 

(B-2) 

For aqueous model solutions, the molar concentration of each flavour compound 

was negl igible compared to the molar concentration of water (55 .56 mol L- ') ,  
Known molar concentrat ions of flavour compounds were therefore converted to 

mole fractions by dividing by the molar concentration of water: 
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(B-3) 
CIV,f 

where Ci,f and cw,f are the feed concentrations (mol L - I )  of permeant compound i 

and water respectively. 

Example 

In the standard mUlt icomponent feed solution, the concentration of acetic acid was 

1 .75 x 1 0-3 mol L- 1 ( 1 04.9 mg L- 1 ) .  

1 .75 x 1 0-3 mol L- I 
xi,f = 

55 .56 mol L-' 

For feed solutions that contained fat,  Xi,f was the avai lable mole fraction in  the 

feed solut ion (the portion not associated with fat) .  For acids, only the portion in 

the undissociated form was counted. 

Ci,J(avail ) (B-4) 

where Ci,j(avail) i s  the avai l able molar concentration of compound i (calcu lated from 

part i t ioning experi ments) ,  cwJ is the molar concentration of water in the feed 

mixture, and cfmJ i s  the molar concentration of fat in the feed mixture (the average 

molecular weight of mi lk  fat triglycerides was calcu lated as approximate ly  

7 1 5  g mol- I , us ing data from Swaisgood ( 1 996) for the distribution of fatty acids 

in  mi lk  fat) .  

Example 

The feed mixture with 20% fat (200 g fat per l itre of feed mixture)  had a pH of 

6. 1 .  The pKa of acetic acid is  4.75 (lames & Lord, 1 992). The densities of mi lk  fat 
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and water are approximately  9 1 8  g L- 1 and 998 g L- 1 respectively (Walstra et al . ,  

2006). 

200 g L-' 
cJil/ ,} = 

7 1 5  g morl 

= 0.28 mol L- ' 

Volume of fat in  I L feed = 
200 g 

9 1 8  g L-' 

= 0.2 1 8  L 

Volume of water in  I L feed = I L - O.2 1 8 L 

= 0.782 L 

Mass of water in  I L feed = 0.782 L x  998 g L- 1 

= 780.4 g 

780.4 g L-' 
ch',! = 

1 8.02 g mol-I 

= 43.3 mol L- 1 

When the fat and water phases were separated by centrifuging, the average 

concentration of acetic acid 111 the water phase was 1 0 1 .3 mg L- 1 

( 1 .69 X 1 0-3 mol L- 1 ) .  

Cij(avai/) = concentration in water phase x volume fraction of 

water i n  feed 

= 1 .69 X 1 0-3 mol L- 1 x 0.782 L L- 1 

= 1 .32 X 1 0-3 mol L- 1 

[ H A ]  = Available undissociated concentration 

Henderson- Hasselbach equation: 

= I O(pH-pK, ) 
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1 . 32 x 1 0-3 mol L- ' - [HA] 

[HA] 
= 1 0(6 1 - 4 75) 

[ HA ]  = 5 .6  x 1 0-5 mol L- 1 

= Cij{al'ai/) (undissociated form) 

5 .6 x 1 0-5 mol L-' 
Xi! = 

-------,------------,-----
0.28 mol L-' + 43 .3  mol L- ' 

= 1 . 28 X 1 0-6 

B.1 .2 Activity coefficient in feed 

The act iv ity coefficients of flavour compounds in the feed solution were assumed 

equal to their act iv i ty coefficients at infin ite d i lut ion. For ethyl butanoate, 

experimental infin ite di l ution act iv i ty coefficients were taken from CareI l i  et a! . 

( 1 99 I ) . For all the other compounds, the infin i te di lution act ivi ty coefficients were 

calculated from correlations at specific temperatures (Pol ing et a! . ,  200 I ) : 

Acids: (8-5) 

Esters and ketones:  (8-6) 

where (J), E ,  r; , () and A are empirical constants which depend on the temperature 

and the homologous series, N is the total number of carbon atoms, N '  and N "  are 

the number of carbon atoms in  respect ive branches of branched compounds, and 

the subscripts i and w refer to the flavour compound and water respect ively. 

Activ i ty coefficients at each required temperature were interpolated from these 

l i terature data, except for ethyl hexanoate and ethyl octanoate, because constants 

to calculate the act iv ity coefficients of these compounds were only given at 20DC 

in Pol ing et a! . (200 I ) . However, CareI l i  et a! . ( 1 99 I )  showed that the act ivi ty 

coefficient for ethyl butanoate varied by only 1 0% over the temperature range of 

25-65DC, so 20DC values from Pol ing et a! . (200 I )  were assumed to give a 

sati sfactory estimate for the act ivi ty coefficients of ethyl hexanoate and ethyl 
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octanoate between 200e and 40°C.  Pol i ng et at . (200 1 )  state that the variation of 

activ ity coefficients with temperature is  usual l y  much smal ler than the variation of 

saturated vapour pressure, and therefore i t  is acceptable  to disregard the 

temperature dependence of the act ivity coefficient in  calculations of this type. 

This assumption was also appl ied to pervaporation by Olsson & Tragardh ( 1 999). 

Example 

For n-acids at infin i te d i lution i n  water, Pol ing et at . (200 I )  l ists constants for 

Equation (B-5)  at three temperatures: 

25°e 500e l oooe 

(J) - 1 .00 -0.80 -0.62 
E 0.622 0.590 0.5 1 7  

( 0.490 0.290 0. 1 40 

e 0 0 0 

Subst i tuting these constants in  Equation (B-5) ,  ri� for acetic acid (Ni = 2)  i s  3 .08, 

3 . 35  and 3 .05 at 25°e, 500e and I OOoe respect ively.  A plot of log( ri� )  against 

absolute temperature fits the polynomial equation:  

Therefore, at 300e (303 K),  ri� = 3 . 1 6  for acetic acid.  

B.2 Permeate activity 

The act iv i ty of each compound i n  the permeate is the ratio of its partial pressure 

on the permeate s ide of the membrane (Pi,p) to its saturated vapour pressure ( p� ) :  

Pi,p a .  = --
I , p  0 

Pi 
(B-7) 
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B.2. 1 Partial pressure in permeate 

The partial pressure of each compound on the permeate side of the membrane is  

the product of its mole fraction (Xi,p) and the total permeate pressure (PT) : 

( B-8) 

Mole fractions were calculated uSing Equation (B-9) ,  assuming that the total 

number of moles in the permeate was negl igibly different from the number of 

moles of water. 

c; , ,, 
X -

; ,/1 -
C 11'. " 

( B-9) 

where Ci,p and cw,p are the permeate concentrations (mol L- ' ) of permeant 

compound i and water respectively, 

Example 

Using the PDMS Type I membrane, with a feed temperature of 30°C and a 

permeate pressure of 1 .5 kPa, the average permeate concentration of acetic acid 

was 5 1 .5 mg L- ' (8 .6 x 10-4 mol L- ' ) .  

8.6 x 1 0-4 mol L- ' 
Xi,p = -------

55 .56 mol L- ' 

= 1 .55 X 1 0-5 

Pi,p = 1 .55 x 1 0-5 X 1 500 Pa 

= 0.023 Pa 

B.2.2 Saturated vapour pressure 

Saturated vapour pressures of water, esters and ketones were interpolated from 

l iterature data (Borgnakke & Sonntag, 1 997; Speight, 2003 ; Lide, 2005) ,  and 

interpolated over the temperature range of interest (20-40°C). Vapour pressures 
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Appendix B 

of acids were estimated using the Wagner equation (Equation (B- 1 0) ) ,  USIng 

constants tabulated in  Pol ing et al . (200 I ) . 

(B- I 0) 

In Equation (B- 1 0), p� i s  the vapour pressure in  bars ; Pc i s  the critical pressure in  

bars ; T i s  the feed temperature; Tc i s  the cri t ical temperature; a,  h,  c and d are 

empirical constants and r is given by the equat ion:  

(B- 1 1 ) 

Example 

For acetic acid at 30°C (303 K),  using values of Pc, Tc, a, h, c and d from Pol ing et 

al . (200 1 ) : 

r = 1 -
303 . 1 5  K 

592.7 1 K 

= 0.489 

In pO = In( 57 . 86 ) + ( 592 .7 1 )(- 8 .294 x 0.489 + 0.979 x 0.489 1 5 - 0 . 2 1 7 X 0 .489 25 - 5 .724 x 0.489 5 )  , 303 . 1 5 
= -3.59 

p� = 0.028 bar 

= 2 .8  kPa 

B.3 Effective mass transfer coefficients 

Rearranging Equation (B- 1 )  and subst i tut ing in Equations (B-2) and (B-7)  leads to 

an expression for the overall effect ive mass transfer coefficient of compound i: 

k;.ol' = ___ 1...:...; __ _ 

X;,,, PT 
x;,J Y; ,f - 0 

P; 

(B- 12 )  

This equation was used to calculate the overal l effect ive mass transfer coefficient 

for each flavour compound at each set of operati ng condit ions. 
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Driving forces and mass transfer coeff icients 

Example 

With the PDMS Type I membrane, a feed temperature of 30°C, and a permeate 

pressure of 1 .5 kPa, the mean flux of acetic acid was 5 . 3  x 1 0-7 mol m-2 S- I . 

5 .3 x 1 0-7 mol m -2 S - I 
ki,Oll = ----------

3 . 1 5 x I O-5 x 3 . 1 6 -
O.023 Pa 

2800 Pa 

= 5 .8  X 1 0-3 mol m-2 S- I 
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Table B· 1 :  Activities and effective mass transfer coefficients of permeant compounds under various operating conditions. 
Compound 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Operating conditions 

Feed Permeate 
temperature pressure 

("C) ( k Pa) 

20 

20 

20 

30 

30 

30 

35 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

40 

30 

30 

0.9 

1 .5 

2.0 

1 . 5 

2 .0 

2 .4 

2 .0 

2 .0 

2 .4 

0 .5 

0.9 

1 .3 

0.9 

1 .3 

2.0 

1 .3 

1 .3 

2.0 

3 .3 

0 .3 

1 .3 

Membrane 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 
PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

POMS 

POMS 

Feed side 

Mole fraction Activity 
x 1 0" coefficient 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

Permeate side 

Activity Mole fraction Saturated Activity 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

1 .00 

x I 0" vapour pressure 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

1 000000 

( Pa) 

2353 

2353 

2353 

4221 

4221 

4221 

56 1 2  

7428 

7428 

2353 

2353 

2353 

4221 

4221 

4221 

561 2 

7428 

7428 

7428 

4221 

4221 

0.40 

0.62 

0.85 

0.35 

0.47 

0.57 

0.36 

0.27 

0.32 

0.23 

0.40 

0.57 

0.22 

0.32 

0.47 

0.24 

0. 1 8  

0.27 

0.45 

0.06 

0.32 

Activity di fference 
across membrane 

0.60 

0.38 

0. 1 5  

0.65 

0.53 

0 .43 

0.64 

0.73 

0.68 

0.77 

0.60 

0.43 

0 .78 

0 .68 

0 .53 

0 .76 

0.82 

0 .73 

0.55 

0 .94 

0.68 

Overall 

Mean flux Effective mass 
transfer coefficient 

( I1mol 111-2 s- ' ) ( I1mol m-2 s- ' ) 

1 5285 

9789 

3590 

34253 

27754 

231 27 

42570 

639 1 6  

55031 

7300 

5421 

4067 

1 41 55 

1 2785 

1 1 494 

1 7908 

27688 

26424 

1 8481 

291 6  

2508 

25332 

25985 

2391 6  

52494 

52747 

53609 

661 38 

87463 

8 1 293 

9439 

8984 

9383 

1 8 1 74 

1 8688 

2 1 844 

23487 

33744 

36 1 58 

33522 

3 1 1 3  

3666 



Compound 

Water 

Water 

Water 

Water 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

Operating conditions Feed side 

Feed Permeate Membrane Mole fraction Activity 
temperature pressure x 1 06 coefficient 

(OC) ( k Pa) 

30 2.0 POMS 1 000000 1 .00 

40 0.5 POMS 1 000000 1 .00 

40 1 .3 POMS 1 000000 1 .00 

40 2.0 POMS 1 000000 1 .00 

20 0.9 PDMS Type I 1 .55 1 560 

20 1 .5 PDM S Type I 1 .55 1 560 

20 2.0 PDM S Type I 1 .55 1 560 

30 1 .5 PDM S Type I 1 .55 1 693 

30 

30 

35 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

2.0 

2.4 

2.0 

2.0 

2.4 

0.5 

0.9 

1 .3 

0.9 

1 .3 

2 .0 

1 .3 

1 .3 

2.0 

PDM S Type I 
PDM S Type I 
PDMS Type I 
PDM S Type I 
PDMS Type I 
PDM S Type 2 

PDM S Type 2 

PDM S Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDM S Type 2 

PDMS Type 2 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 693 

1 693 

1 745 

1 785 

1 785 

1 560 

1 560 

1 560 

1 693 

1 693 

1 693 

1 745 

1 785 

1 785 

Permeate side 

Activity Mole fraction Saturated Activity 
x 1 06 vapour pressure 

( Pa) 

1 .00 1 000000 4221 0.47 

1 .00 1 000000 7428 0.07 

1 .00 1 000000 7428 0. 1 8  

1 .00 1 000000 7428 0.27 

0.00242 1 9.3 1 44 0.0001 2 

0.00242 25.9 1 44 0.00026 

0.00242 30.7 1 44 0.00042 

0.00263 1 2 .4 269 0.00007 

0.00263 

0.00263 

0.00271 

0.00277 

0.00277 

0.00242 

0.00242 

0.00242 

0.00263 

0.00263 

0.00263 

0.00271 

0.00277 

0.00277 

1 5.4  

1 8 .5 

1 3.5 

1 3 .2 

9.5 

24.9 

30. 1 

32.4 

20.0 

2 1 .4 

24.3 

1 9 .2 

1 6 .2 

1 5 .9 

269 

269 

367 

500 

500 

1 44 

1 44 

1 44 

269 

269 

269 

367 

500 

500 

0.0001 1 

0.000 1 7  

0.00007 

0.00005 

0.00005 

0.00009 

0.000 1 9  

0.00030 

0.00007 

0.000 1 1 

0.000 1 8  

0.00007 

0.00004 

0.00006 

Overall 

Activity di fference Mean flux Effective mass 
across membrane transfer coefficient 

( Ilmol m-2 s- ' ) (I-unol m-2 s-') 
0.53 1 952 3709 

0.93 5 1 05 5500 

0 .82 4286 5223 

0 .73 4371 598 1 

0.00230 0 .29 1 28 .3 

0 .002 1 6  0.25 1 1 7.5 

0.00200 0 . 1 1 55 . 1  

0.00256 0 .42 1 65 .5 

0.00252 

0.00246 

0.00264 

0 .00272 

0.00273 

0 .00233 

0.00223 

0.002 1 2  

0.00256 

0.00252 

0.00245 

0.00264 

0.00273 

0.00271 

0 .43 

0.43 

0.57 

0.85 

0.52 

0. 1 8  

0 . 1 6  

0 . 1 3  

0.28 

0 .27 

0.28 

0.34 

0.45 

0.42 

1 69 .6  

1 73 .7 

2 1 7 .7  

3 1 0 .8 

1 92 .4 

78. 1  

73.3 

62.0 

1 1 0 .8 

1 08 .3 

1 1 3.9 

1 30.2 

1 63.9 

1 55.0 
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I\) 
-....J (j) 

Compound 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2- onanone 

2- onanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2- onanone 

2-Nonanone 

2-Nonanone 

2- onanone 

Operating conditions 
Feed Permeate Membrane 

temperature pressure 
(OCl (kPa) 

40 3.3 PDMS Type 2 

30 

30 

30 

40 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

20 

20 

20 

30 

30 

30 

0.3 

1 .3 

2.0 

0.5 

1 .3 

2.0 

0.9 

1 .5 

2.0 

1 .5 

2.0 

2.4 

2.0 

2.0 

2.4 

0.5 

0.9 

1 .3 

0 .9  

1 .3 

2 . 0  

POMS 

POMS 

POMS 

POMS 

POMS 

POMS 

PDMS Type I 

PDMS Type I 
PDMS Type I 

PDMS Type I 
PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

Mole fraction 
x 1 0" 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .55 

1 .25 

1 .25 

1 .25 

1 .25 

1 .25 

1 .25 

1 .25 

1 .25 

1 .25 

1 .25 

1 .25 

1 .25 

1 .25 

1 .25 

1 .25 

Feed side 
Activity 

coefficient 

1 785 

1 693 

1 693 

1 693 

1 785 

1 785 

1 785 

26503 

26503 

26503 

27788 

27788 

27788 

28079 

28 1 22 

28 1 22 

26503 

26503 

26503 

27788 

27788 

27788 

Activity 

0.00277 

0.00263 

0.00263 

0.00263 

0.00277 

0.00277 

0. 00277 

0.03305 

0.03305 

0.03305 

0.03466 

0.03466 

0.03466 

0.03502 

0.03507 

0.03507 

0.03305 

0.03305 

0.03305 

0.03466 

0.03466 

0.03466 

Mole fraction 
x 1 0" 

23.7 

38.9 

41 . 1  

38.5 

33.2 

34. 5 

38.3 

4.59 

4.38 

2.93 

3.68 

3.61 

4.74 

3.62 

3.89 

3.49 

5 .75 

7.77 

8.40 

6 .36 

4.91 

4.94 

Permeate side 
Saturated 

vapour pressure 
( Pa) 

500 

269 

269 

269 

500 

500 

500 

73 

73 

73 

1 26 

1 26 

1 26 

1 65 

21 7 

21 7 

73 

73 

73 

1 26 

1 26 

1 26 

Activity 

0.0001 6 

0.00004 

0.00020 

0.00029 

0.00004 

0.00009 

0.000 1 5  

0.00006 

0.00009 

0.00008 

0.00004 

0.00006 

0.00009 

0.00004 

0.00004 

0.00004 

0.00004 

0.0001 0 

0.000 1 5  

0.00005 

0.00005 

0.00008 

Activity difference 
across membrane 

0. 00262 

0 .00259 

0 .00243 

0.00234 

0 .00274 

0.00268 

0.00262 

0.03299 

0.03297 

0.03297 

0 . 03461 

0 .03460 

0.03457 

0.03498 

0.03504 

0 . 03503 

0.03301 

0.03295 

0.03290 

0.03461 

0 .03460 

0.03458 

Overall 
Mean nux Effective mass 

transfer coefficient 
(Ilmol m-1 s- ' )  (Ilmol m-1 s- ' )  

0.44 1 67 . 1  

0 . 1 1 

0 . 1 0  

0.08 

0. 1 7  

0 . 1 5  

0 . 1 7  

0.07 

0.04 

0.01  

0 . 1 3  

0 . 1 0  

0 . 1 1 

0 . 1 5  

0.25 

0 . 1 9  

0.04 

0.04 

0.03 

0.09 

0.06 

0.06 

43.7 

42 .5 

32. 1  

6 1 . 9  

55. 1  

63.8 

2 . 1 2  

1 .30 

0 . 32 

3.64 

2.89 

3 . 1 7  

4.41 

7. 1 0  

5.49 

1 .27 

1 .28 

1 .04 

2.60 

1 .8 1  

1 .64 



Compound 

2-Nonanone 

2- onanone 

2- onanone 

2- onanone 

2-Nonanone 

2-Nonanone 

2- onanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

Acetic Acid 

Acetic Ac i d  

Acetic Acid 

Acetic Acid 

Acetic Acid 

Acetic Acid 

Acetic Acid 

Acetic Aci d  

Acetic Ae i d  

Acetic Acid 

Acetic Acid 

Acetic Aci d  

Operating conditions Feed side 

Feed Permeate Membrane Mole fraction Activity 
temperature pressure x 1 0" coefficient 

(OC) ( k Pa) 

35 1 .3 PDMS Type 2 1 .25 28079 

40 1 .3 PDMS Type 2 1 .25 28 1 22 

40 2.0 PDMS Type 2 1 .25 281 22 

40 3.3 PDMS Type 2 1 .25 28 1 22 

30 0.3 POMS 1 .25 27788 

30 1 .3 POMS 1 .25 27788 

30 2.0 POMS 1 .25 27788 

40 0.5 POMS 1 .25 281 22 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

20 

20 

20 

1 . 3 

2.0 

0.9 

1 . 5 

2.0 

1 .5 

2.0 

2.4 

2.0 

2.0 

2.4 

0 .5 

0.9 

1 .3 

POMS 

POMS 

PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDM S Type 2 

PDMS Type 2 

PDMS Type 2 

1 .25 

1 .25 

31 .5 

31 .5 

31 .5 

31 .5 

31 .5 

31 .5 

3 1 .5 

31 .5 

31 .5 

31 .5 

3 1 .5 

3 1 .5 

28 1 22 

281 22 

3.00 

3.00 

3 .00 

3 . 1 6  

3 . 1 6  

3 . 1 6  

3.22 

3.27 

3.27 

3 .00 

3.00 

3.00 

Permeate side 

Activity Mole fraction Saturated Activity 
x 1 0" vapour pressure 

( Pa) 

0.03502 3 .71  1 65 0.00003 

0.03507 4.89 2 1 7  0.00003 

0.03507 4.98 2 1 7  0.00005 

0.03507 4 .51  21 7 0 .00007 

0.03466 8.86 1 26 0.00002 

0.03466 1 0.44 1 26 0.0001 1 

0.03466 8.99 1 26 0.000 1 4  

0.03507 5. 1 4  2 1 7  0.00001 

0.03507 

0.03507 

0.00009 

0.00009 

0.00009 

0.0001 0  

0.000 1 0  

0.000 1 0  

0.000 1 0  

0.0001 0  

0.000 1 0  

0.00009 

0.00009 

0.00009 

8 .94 

5 .73 

1 4 .58 

1 4.48 

1 4. 1 5  

1 5 .43 

1 6 .47 

1 6 .71  

1 8 .34 

22.23 

1 7.50 

1 6 . 1 8  

1 3 .81 

1 0 .50 

2 1 7  

2 1 7  

1 549 

1 549 

1 549 

2752 

2752 

2752 

3607 

4680 

4680 

1 549 

1 549 

1 549 

0.00005 

0.00005 

0.00001 

0.00001 

0.00002 

0.00001 

0.00001 

0.00001 

0.00001 

0.00001 

0.00001 

0.00001 

0.0000 1 

0.00001 

Overall 

Activity difference Mean nux Effective mass 
across membrane transfer coefficient 

( !Jmol m-2 s- ' ) ( !Jmol m-2 s- ' )  

0 .03499 0.07 1 .90 

0.03504 0 . 1 4  3.86 

0.03503 0 . 1 3  3 .76 

0 .03500 0.08 2.38 

0 .03464 0.03 0.75 

0 .03455 0.03 0.76 

0.03451 0 .02 0 .5 1  

0.03506 0.03 0 .75 

0.03502 

0.03502 

0.00009 

0.00008 

0.00008 

0.00009 

0.00009 

0.00008 

0.00009 

0 .00009 

0 .00009 

0 .00009 

0.00009 

0.00009 

0.04 

0.03 

0.22 

0 . 1 4  

0.05 

0 .53 

0.46 

0.39 

0.78 

1 .42 

0.96 

0 . 1 2  

0.07 

0.04 

1 .09 

0.72 

2602 

1 756 

667 

5803 

5233 

4560 

8564 

1 5 1 95 

1 0241 

1 329 

870 

500 
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Compound 

Acetic Acid 

Acetic Acid 

Acetic Acid 

Acetic Acid 

Acetic Acid 

Ace(ic Acid 

Acetic Acid 

Acetic Acid 

Acetic Acid 

Acetic Acid 

Acetic Acid 

Acetic Acid 

Acetic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Operating conditions 

Feed Permeate Membrane 
temperature pressure 

(OC) ( k Pa) 

30 0.9 PDMS Type 2 

30 

30 

35 

40 

40 

40 

30 

30 

30 

40 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

1 .3 

2.0 

1 .3 

1 .3 

2.0 

3 .3 

0 .3 

1 .3 

2.0 

0.5 

1 .3 

2.0 

0.9 

1 .5 

2.0 

1 .5 

2.0 

2.4 

2.0 

2.0 

2.4 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

POMS 
POMS 
POMS 
POMS 
POMS 
POMS 

PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 

Feed side 

Mole fraction Activity 
x 1 0(' coefficient 

31 .5 3 . 1 6  

3 1 .5 

3 1 .5 

3 1 .5 

3 1 .5 

3 1 .5 

3 1 .5 

3 1 . 5 

3 1 .5 

3 1 .5 

3 1 .5 

3 1 .5 

3 1 .5 

2 1 .8 

2 1 .8 

2 1 .8 

2 1 .8 

2 1 .8 

2 1 .8 

2 1 .8 

2 1 .8 

2 1 .8 

3 . 1 6  

3 . 1 6  

3 .22 

3.27 

3.27 

3.27 

3. 1 6  

3. 1 6  

3 . 1 6  

3 .27 

3 .27 

3.27 

39.7 

39.7 

39.7 

4 1 .7 

4 1 .7 

4 1 .7  

42.4 

42.8 

42.8 

Permeate side 

Activity Mole fraction Saturated 
x 1 0" vapour pressure 

( Pa) 

0.0001 0 1 6. 1 9 2752 

0.000 1 0  

0.000 1 0  

0.0001 0 

0.0001 0 

0.0001 0 

0.000 1 0  

0.0001 0  

0.000 1 0  

0.000 1 0  

0 .000 1 0  

0.000 1 0  

0.000 1 0  

0.00086 

0.00086 

0.00086 

0.00091 

0.00091 

0.00091 

0.00092 

0.00093 

0.00093 

1 9.34 

22. 1 3  

1 8.87 

23. 1 9  

1 5.47 

1 8 .70 

33.65 

20.25 

1 4.81  

31 .52 

32. 1 8  

25. 1 7  

1 5 . 1 3  

1 3 .45 

1 2.98 

1 7.38 

1 8 .76 

1 9.26 

23. 1 2  

28.81 

20. 1 7  

2752 

2752 

3607 

4680 

4680 

4680 

2752 

2752 

2752 

4680 

4680 

4680 

68 

68 

68 

1 49 

1 49 

1 49 

2 1 7  

3 1 1 

3 1 1 

Activity 

0.00001 

0.00001 

0.00002 

0.00001 

0.00001 

0.0000 1 

0.00001 

0.00000 

0.00001 

0.00001 

0.00000 

0.00001 

0.0000 1 

0.00021 

0.00029 

0.00038 

0.000 1 7  

0.00025 

0.00031 

0.00021 

0.000 1 9  

0.000 1 6  

Overall 

Activity di fference Mean nux Effective mass 
across membrane transfer coefficient 

( �mol m-2 S- I ) (�mol m-2 S- I ) 
0 .00009 0.23 2442 

0.00009 

0.00008 

0.00009 

0.000 1 0  

0.000 1 0  

0.00009 

0.000 1 0  

0.00009 

0.00009 

0 .000 1 0  

0 .00009 

0.00009 

0 .00066 

0.00057 

0 .00048 

0.00074 

0 .00066 

0.00060 

0 .00071 

0 .00075 

0 .00078 

0.25 

0.25 

0.34 

0.64 

0.41 

0.35 

0. 1 0  

0.05 

0.03 

0. 1 6  

0 . 1 4  

0 . 1 1 

0 .23 

0 . 1 3  

0.05 

0.60 

0.52 

0.45 

0.98 

1 .84 

1 . 1 1 

2749 

3055 

358 1 

6659 

4239 

3853 

1 02 1  

567 

326 

1 6 1 8  

1 469 

1 1 92 

353 

230 

97 

806 

791 

743 

1 385 

2462 

1 428 



Compound 

B utanoic Acid 

Butanoic Acid 

B utanoic Acid 

B utanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

Butanoic Acid 

B utanoic Acid 

Butanoic Acid 

Butanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Operating conditions 

Feed 
temperature 

(0C) 

20 

20 

20 

30 

30 

30 

35 

40 

40 

40 

30 

30 

30 

40 

40 

40 

20 

20 

20 

30 

30 

30 

Permeate Membrane 
pressure 

( kPa) 

0.5 PDMS Type 2 

0.9 PDMS Type 2 
1 .3 PDMS Type 2 
0.9 PDMS Type 2 
1 .3 PDMS Type 2 
2.0 PDMS Type 2 

1 .3 PDMS Type 2 

1 .3 

2 .0 

3 .3 

0 .3 

1 .3 

2.0 

0.5 

1 .3 

2 .0 

0 .9 

1 .5 

2.0 

1 .5 

2.0 

2.4 

PDMS Type 2 
PDMS Type 2 
PDMS Type 2 

rOMS 

rOMS 

rOMS 

rOMS 

rOMS 

rOMS 

PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 

Mole fraction 
x 1 0" 

2 1 . 8  

2 1 .8 

2 1 .8 

2 1 .8 

2 1 .8 

2 1 .8 

2 1 .8 

21 .8 

21 .8 

2 1 .8 

2 1 . 8  

21 .8 

2 1 .8 

2 1 .8 

2 1 .8 

2 1 .8 

1 7.2 

1 7 .2 

1 7 .2 

1 7 .2 

1 7.2  

1 7.2 

Feed side 

Activity 
coefficient 

39.7 

39.7 

39.7 

41 . 7  

4 1 . 7  

41 .7 

42.4 

42.8 

42.8 

42.8 

41 .7 

41 .7 

41 .7 

42.8 

42.8 

42.8 

645 

645 

645 

653 

653 

653 

Permeate side 

Activ i ty Mole fraction Saturated 
x 1 0" vapour pressure 

( Pa) 

0.00086 1 7.41  68 

0.00086 1 4 .74 68 

0.00086 1 2 .39 68 

0.00091 23.71 1 49 

0.0009 1 23.55 1 49 

0.00091 24.80 1 49 

0.00092 25.71 2 1 7  

0.00093 

0.00093 

0.00093 

0.00091 

0.00091 

0.00091 

0.00093 

0.00093 

0.00093 

0.01 1 1  

0.01 1 1  

0.01 1 1  

0 .01 1 2  

0.01 1 2  

0.01 1 2  

3 1 . 1 9  

22.63 

26.60 

69.41 

29.05 

1 9 .60 

74. 1 3  

56.92 

47.70 

1 5.2 1  

1 1 .95 

8 .62 

20.04 

22.87 

22. 1 7  

3 1 1 

3 1 1 

3 1 1 

1 49 

1 49 

1 49 

31 1 

3 1 1 

3 1 1 

3.41 

3.41 

3.41 

9.08 

9.08 

9.08 

Activity 

0.000 1 4  

0.00020 

0.00024 

0.000 1 5  

0.00021 

0 .00033 

0 .000 1 6  

0 .000 1 3  

0.000 1 5  

0.00029 

0.000 1 2  

0 .00026 

0.00026 

0.000 1 3  

0 .00024 

0.00031 

0.0042 

0.0051 

0.0051 

0.0032 

0.0050 

0.0059 

Overall 

Activity difference Mean flux Effective mass 
across membrane transfer coefficient 

(/11110I m-2 S- I )  (�mol m-2 S- I ) 
0.00073 0 . 1 3  1 75 

0 .00066 0.08 1 21 

0.00062 0.05 8 1  

0.00076 0 .34 44 1 

0.00070 0.30 43 1 

0 .00058 0.29 494 

0.00077 0 .46 601 

0 .00080 

0.00079 

0.00065 

0.00079 

0.00065 

0.00065 

0.00081 

0.00069 

0 .00063 

0 .0069 

0.0060 

0.0060 

0 .0080 

0.0062 

0 .0054 

0.86 

0.60 

0.49 

0.20 

0.07 

0 .04 

0.38 

0.24 

0 .21  

0.23 

0 . 1 2  

0.03 

0.69 

0.63 

0.51 

1 080 

759 

759 

258 

1 1 2  

59 

469 

354 

333 

33.6 

1 9 .7 

5 . 1  

85.9 

1 02 .5 

95.5 
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Compound 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Hexanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Operating conditions 

Feed 
temperature 

(QC) 
35 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

40 

30 

30 

30 

40 

40 

40 

20 

20 

20 

Permeate 
pressure 

( k Pa) 

2.0 

2.0 

2.4 

0.5 

0.9 

1 .3 

0.9 

1 .3 

2.0 

1 .3 

1 .3 

2.0 

3.3 

0.3 

1 .3 

2.0 

0.5 

1 .3 

2 .0 

0 .9 

1 .5 

2 .0 

M embrane 

PDMS Type I 
PDMS Type I 
PDMS Type I 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 
PDMS Type 2 

PDMS Type 2 
PDMS Type 2 

PDMS Type 2 

POMS 

POMS 

POMS 

POMS 

POMS 

POMS 

PDMS Type I 
PDMS Type I 
PDMS Type I 

Feed side 

Mole fraction Activity 
x 1 0(' coefficient 

1 7.2 650 

1 7.2 

1 7.2 

1 7.2 

1 7.2 

1 7 .2 

1 7.2 

1 7 .2 

1 7.2 

1 7.2 

1 7.2 

1 7.2 

1 7.2 

1 7.2 

1 7.2 

1 7.2 

1 7.2 

1 7 .2 

1 7.2 

1 3 . 1  

1 3. 1  

1 3 . 1  

642 

642 

645 

645 

645 

653 

653 

653 

650 

642 

642 

642 

653 

653 

653 

642 

642 

642 

1 1 041  

1 1 041  

1 1 041  

Permeate side 

Activity Mole fraction Saturated Activity 
x 1 0(' vapour pressure 

( Pa) 

0.01 1 2  3 1 .65 1 4.40 0.0044 

0.01 1 0  

0.01 1 0  

0.01 1 1  

0 .01 1 1  

0 .0 1 1 1  

0 .01 1 2  

0 .01 1 2  

0 .01 1 2  

0 .01 1 2  

0.01 1 0  

0 .01 1 0  

0 .01 1 0  

0.01 1 2  

0.01 1 2  

0 .01 1 2  

0 .01 1 0  

0 .0 1 1 0  

0 .01 1 0  

0. 1 44 

0. 1 44 

0. 1 44 

40. 1 7  

26.22 

1 3.35 

9.88 

6 . 1 1 

25. 1 7  

20.20 

1 8 .80 

23.44 

33.26 

22.95 

24. 0 1  

37.39 

1 5 .99 

1 0 . 1 3  

47.57 

41 .32 

25.73 

5.65 

3.33 

3.57 

22.41  

22.41 

3.41 

3.41 

3.41 

9.08 

9.08 

9.08 

1 4 .40 

22.41 

22.41 

22.41 

9.08 

9.08 

9.08 

22.41 

22.41 

22.41 

0.28 

0.28 

0.28 

0.0036 

0.0028 

0.0021 

0.0027 

0.0024 

0.0026 

0.0030 

0.0041 

0.0022 

0.0020 

0.0020 

0.0036 

0.00 1 1 

0.0023 

0.0022 

0.001 1 

0.0025 

0.0023 

0.01 9 

0.0 1 8  

0.026 

Overall 

Activity di fference Mean nux Effective mass 
across membrane transfer coefficient 

( �lInol m-I s- J ) ( �lInol m-2 s- J ) 

0.0068 1 .35 1 98.7 

0 .0075 

0 .0082 

0 .0090 

0.0084 

0.0087 

0.0086 

0.0083 

0 .0071 

0 .0090 

0.0091 

0.0090 

0 .0075 

0 .0 1 0 1  

0 .0089 

0.0090 

0.0099 

0.0086 

0 .0088 

0 . 1 25 

0 . 1 27 

0. 1 1 9  

2.57 

1 .44 

0. 1 0  

0.05 

0.02 

0.36 

0.26 

0.22 

0.42 

0.92 

0 .61  

0.44 

0 . 1 1 

0.04 

0.02 

0.24 

0 . 1 8  

0 . 1 1 

0.09 

0.03 

0.01 

344.0 

1 75 . 1  

1 0.8  

6 .4  

2 .9  

41 .2 

3 1 .2 

30.5 

46.6 

1 0 1 .5 

67.4 

59.3 

1 0.8  

4 .5  

2 .2  

24.5 

20.6 

1 2.9  

0.69 

0.26 

0. 1 1  



I\) (Xl 
...... 

Compound 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Octanoic Acid 

Operating conditions Feed side 

Feed Permeate Membrane Mole fraction Activity 
temperature pressure x 1 0" coefficient 

(OCl ( kPa) 

30 1 .5 PDM S Type I 1 3. 1  1 0666 

30 2 .0 PDMS Type I 1 3 . 1  1 0666 

30 2 .4 PDMS Type I 1 3. 1  1 0666 

35 2.0 PDMS Type I 1 3. 1  1 0358 

40 2.0 PDM S Type I 1 3. 1  9979 

40 2 .4 PDMS Type I 1 3 . 1  9979 

20 0.5 PDM S Type 2 1 3 . 1  1 1 041  

20 0 .9 PDMS Type 2 1 3 . 1  1 1 041  

20 

30 

30 

30 

35 

40 

40 

40 

30 

30 

30 

40 

40 

40 

1 . 3 

0 .9 

1 .3 

2 .0 

1 .3 

1 .3 

2 .0 

3 .3 

0.3 

1 .3 

2 .0 

0 .5 

1 .3 

2.0 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDM S Type 2 

PDM S Type 2 

POMS 

POMS 

POMS 

POMS 

POMS 

POMS 

1 3. 1  

1 3 . 1  

1 3 . 1  

1 3 . 1  

1 3 . 1  

1 3. 1  

1 3 . 1  

1 3. 1  

1 3 . 1  

1 3 . 1  

1 3 . 1  

1 3 . 1  

1 3. 1  

1 3 . 1  

1 1 041 

1 0666 

1 0666 

1 0666 

1 0358 

9979 

9979 

9979 

1 0666 

1 0666 

1 0666 

9979 

9979 

9979 

Permeate side 

Activity Mole fraction Saturated Activity 
x 1 0" vapour pressure 

( Pa) 

0. 1 40 1 0.52 0 .86 0.01 8 

0. 1 40 9.90 0.86 0 .023 

0. 1 40 8 . 1 2  0.86 0.023 

0. 1 35 1 3.79 1 .47 0.01 9 

0. 1 31 20.58 2.45 0 .01 7 

0. 1 3 1  1 7.95 2.45 0.0 1 8  

0. 1 44 3.76 0.28 0.007 

0. 1 44 3.06 0.28 0.01 0 

0. 1 44 

0. 1 40 

0 . 1 40 

0. 1 40 

0. 1 35 

0. 1 3 1  

0 . 13 1  

0. 1 31 

0 . 1 40 

0 . 140 

0 . 140 

0. 1 31 

0. 1 31 

0. 1 3 1  

1 .88 

1 5 .21  

4.69 

4.06 

4.69 

1 3 .43 

1 0.95 

8.21  

5 .09 

7.64 

3.65 

7.96 

1 0 .86 

4 .09 

0.28 

0 .86 

0.86 

0 .86 

1 .47 

2.45 

2 .45 

2.45 

0.86 

0 .86 

0.86 

2.45 

2.45 

2.45 

0.009 

0.0 1 6  

0 .007 

0.009 

0.004 

0.007 

0.009 

0.01 1 

0.002 

0 .0 12  

0 .008 

0.002 

0.006 

0.003 

Overall 

Activity di fference Mean flux Effective mass 
across membrane transfer coefficient 

O.lmol m-2 ,-1 ) ( �mol m-2 S-I )  
0. 1 22 0.36 2 .96 

0. 1 1 7 0.27 2.36 

0 . 1 1 7  0 . 1 9  1 .6 1  

0 . 1 1 7  0.59 5.03 

0 . 1 1 4  1 .32 1 1 .56 

0 . 1 1 3  0.99 8 .75 

0. 1 37 0.03 0 .20 

0 . 1 34 0.02 0. 1 2  

0 . 1 35 

0. 1 23 

0 . 1 32 

0. 1 30 

0 . 1 3 1  

0 . 1 23 

0 . 1 22 

0 . 1 1 9  

0. 1 38 

0. 1 28 

0 . 1 3 1  

0 . 1 29 

0 . 1 25 

0. 1 27 

0.01 

0.22 

0.06 

0 .05 

0 .08 

0.37 

0.29 

0. 1 5  

0 .01  

0.02 

0.01  

0 .04 

0.05 

0.02 

0 .06 

1 .75 

0.45 

0 .36 

0 .64 

3.02 

2.38 

1 .27 

0 . 1 1  

0 . 1 5 

0.05 

0 .32 

0 .37 

0. 1 4  
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I\) 
Q) 
I\) 

Compound 

Ethyl Butanoate 

Ethyl Butanoate 

Ethyl B utanoate 

Ethyl B utanoate 

Ethyl Butanoate 

Ethyl B utanoate 

Ethyl B ulanoate 

Ethyl B utanoate 

Ethyl Butanoate 

Ethyl Butanoate 

Ethyl B utanoate 

Ethyl Butanoate 

Ethyl Butanoate 

Ethyl Butanoate 

Ethyl B utanoate 

Ethyl Butanoate 

Ethyl Butanoate 

Ethyl Butanoate 

Ethyl Butanoate 

Ethyl Butanoate 

Ethyl Butanoate 

Ethyl Butanoate 

Operating conditions 

Feed Permeate 
temperature pressure 

(DC) ( k Pa) 

20 

20 

20 

30 

30 

30 

35 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

40 

30 

30 

30 

0,9 

1 .5 

2.0 

1 .5 

2.0 

2.4 

2.0 

2.0 

2.4 

0.5 

0 .9 

1 .3 

0.9 

1 .3 

2.0 

1 .3 

1 .3 

2.0 

3.3 

0.3 

1 .3 

2.0 

Membrane 

PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 

PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type 2 
PDMS Type 2 
PDMS Type 2 
PDMS Type 2 
PDMS Type 2 
PDMS Type 2 

PDMS Type 2 

PDMS Type 2 
PDMS Type 2 
PDMS Type 2 

POMS 

POMS 

POMS 

Feed side 

Mole fraction Activity 
x 1 0" coefficient 

1 5.6 1 050 

1 5.6 

1 5 .6 

1 5 .6 

1 5 .6 

1 5 .6 

1 5.6 

1 5.6 

1 5.6 

1 5 .6 

1 5 .6 

1 5.6 

1 5.6 

1 5.6 

1 5 .6 

1 5 .6 

1 5 .6 

1 5 .6 

1 5 .6 

1 5 .6 

1 5 .6 

1 5 .6 

1 050 

1 050 

1 1 79 

1 1 79 

1 1 79 

1 220 

1 245 

1 245 

1 050 

1 050 

1 050 

1 1 79 

1 1 79 

1 1 79 

1 220 

1 245 

1 245 

1 245 

1 1 79 

1 1 79 

1 1 79 

Permeate side 

Activity Mole fraction Saturated 
x I 0" vapour pressure 

( Pa) 

0.01 639 203 1 2 1 0  

0.01 639 

0.0 1 639 

0.01 841 

0.01 841 

0.01 841 

0.01 904 

0.01 944 

0.01 944 

0.01 639 

0.01 639 

0.01 639 

0.01 841 

0 .01 841 

0 .0 1 841 

0.01 904 

0.01 944 

0.01 944 

0.01 944 

0.0 1 841  

0.01 841 

0.01 841 

279 

376 

1 37 

1 67 

207 

1 42 

1 35 

95 

1 40 

1 72 

1 99 

1 1 2 

1 1 5 

1 33 

1 06 

88 

85 

1 35 

485 

5 1 5  

5 1 0  

1 21 0  

1 21 0  

231 6 

231 6  

231 6  

3 1 79 

4341 

4341 

1 2 1 0  

1 2 1 0  

1 2 1 0  

231 6  

231 6  

231 6  

3 1 79 

4341 

4341 

4341 

231 6  

231 6  

231 6  

Activity 

0.000 1 6  

0.00034 

0.00062 

0.00009 

0.000 1 4  

0.00021 

0.00009 

0.00006 

0.00005 

0.00006 

0.000 1 3  

0.00022 

0.00005 

0.00007 

0.000 1 2  

0.00004 

0.00003 

0.00004 

0.0001 0 

0.00006 

0.00030 

0.00044 

Overall 

Activity di fference Mean flux Effective mass 
across membrane transfer coefficient 

(110101 01-2 s- I )  ( 110101 01-2 s- I )  

0.01 623 3 . 1 0  1 91 .3 

0 .01 605 

0 .01 576 

0 .0 1 832 

0 .01 826 

0 .01 8 1 9  

0 .01 896 

0.01 937 

0 .01 938 

0 .01 632 

0 .01 625 

0.0 1 6 1 7  

0 .0 1 836 

0 .01 834 

0.01 829 

0 .01 900 

0.01 941 

0.01 940 

0.01 933 

0.01 835 

0.01 8 1 1 

0 .01 797 

2.73 

1 .35 

4.68 

4.63 

4.79 

6.06 

8.62 

5.21 

1 .02 

0.93 

0.81 

1 .59 

1 .47 

1 .53 

1 .90 

2.43 

2.25 

2.49 

1 .41  

1 .29 

1 .00 

1 70.4 

85.6 

255.4 

253.4 

263.2 

3 1 9.5 

445.0 

268.6 

62.7 

57.5 

50.2 

86.6 

80.3 

83.8 

99.9 

1 25.3 

1 1 6.0  

1 28 .9  

77.0 

71 .4 

55.4 



Compound Operating conditions Feed side 

Feed Permeate Membrane Mole fraction Activity 
temperature pressure x 1 0" coefficient 

("C) ( k Pa) 

Ethyl Butanoate 40 0.5 POMS 1 5 .6 1 245 

Ethyl Butanoate 40 1 .3 POMS 1 5.6 1 245 

Ethyl Butanoate 40 2 .0  POMS 1 5.6 1 245 

Ethyl Hexanoate 20 0.9 PDMS Type I 1 2 .5 23085 

Ethyl Hexanoate 20 1 .5 PDMS Type I 1 2 .5 23085 

Ethyl Hexanoate 20 2.0 PDMS Type I 1 2.5 23085 

Ethyl Hexanoate 30 1 .5 PDMS Type I 1 2.5 23085 

Ethyl Hexanoate 30 2.0 PDMS Type I 1 2 .5 23085 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

30 

35 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

40 

2.4 

2 .0 

2 .0 

2.4 

0.5 

0.9 

1 .3 

0.9 

1 .3 

2 .0  

1 .3 

1 .3 

2.0 

3 .3 

PDMS Type I 

PDMS Type I 
PDMS Type I 
PDMS Type I 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDM S Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

1 2 .5 

1 2 .5 

1 2 .5 

1 2 .5 

1 2.5 

1 2.5 

1 2.5 

1 2 .5 

1 2.5 

1 2 .5 

1 2 .5 

1 2 .5 

1 2 .5 

1 2.5 

23085 

23085 

23085 

23085 

23085 

23085 

23085 

23085 

23085 

23085 

23085 

23085 

23085 

23085 

Permeate side 

Activity Mole fraction Saturated Activity 
x 1 0" vapour pressure 

( Pa) 

0.01 944 432 4341 0.00005 

0.01 944 448 4341 0.0001 4  

0.01 944 487 4341 0.00022 

0.2883 82. 1 1 1 6  0.0007 

0.2883 86.7 1 1 6  0.00 1 1 

0.2883 70.4 1 1 6 0.00 1 2  

0.2883 65.4 2 1 6  0.0004 

0.2883 65.7 2 1 6  0.0006 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

89.8 

67.5 

72.6 

56.9 

97. 1  

1 29.3 

1 63.8 

9 1 . 1  

71 .3 

73.3 

65.2 

69.5 

69.9 

8 1 .4 

2 1 6  

293 

395 

395 

1 1 6  

1 1 6 

1 1 6 

2 1 6  

2 1 6  

2 1 6  

293 

395 

395 

395 

0.00 1 0  

0.0005 

0.0004 

0.0003 

0.0004 

0.00 1 0  

0.00 1 9  

0.0004 

0.0004 

0.0007 

0.0003 

0.0002 

0.0004 

0.0007 

Overall 

Activity d ifference Mean flux Effective mass 
across membrane transfer coefficient 

( J.unol 01-2 ,-') ( J.unol m-2 ,- ' ) 

0.01 938 2 .21  1 1 3 .8 

0 .01 930 1 .92 99.5 

0 .01 921 2 . 1 3  1 1 0 .9 

0.2877 1 .25 4.36 

0.2872 0.85 2 .95 

0.2871 0.25 0.88 

O.�� 2.� 7.n 

0.2877 1 .82 6 .34 

0.2873 

0.2879 

0.2880 

0.2880 

0.2879 

0 .2873 

0.2865 

0.2880 

0.2879 

0.2877 

0.2880 

0.2881 

0 .2880 

0.2877 

2.08 

2.87 

4.64 

3 . 1 3  

0.71 

0.70 

0.67 

1 .29 

0.91 

0.84 

1 . 1 7  

1 .92 

1 .85 

1 .50 

7 .23 

9.98 

1 6. 1 2  

1 0 .88 

2.46 

2 .44 

2 .33 

4 .48 

3 . 1 7  

2 .93 

4 .05 

6 .67 

6 .41  

5 .23 
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Compound 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Hexanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl OClanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Ethyl Octanoate 

Operating conditions 

Feed Permeate 
temperature pressure 

(0C) ( k Pa) 

30 0.3 

30 

30 

40 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

20 

20 

20 

30 

30 

30 

35 

1 .3 

2.0 

0.5 

1 .3 

2.0 

0.9 

1 .5 

2.0 

1 .5 

2.0 

2 .4 

2.0 

2.0 

2 .4 

0 .5 

0.9 

1 .3 

0.9 

1 .3 

2.0 

1 .3 

Membrane 

POMS 

POMS 

POMS 

POMS 

POMS 

POMS 

PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type I 
PDMS Type 2 
PDMS Type 2 
PDMS Type 2 
PDMS Type 2 
PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

Feed side 

Mole fraction Activity 
x 1 0" coefficient 

1 2.5 23085 

1 2.5 

1 2 .5 

1 2 .5 

1 2 .5 

1 2.5 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

1 .09 

23085 

23085 

23085 

23085 

23085 

429042 

429042 

429042 

429042 

429042 

429042 

429042 

429042 

429042 

429042 

429042 

429042 

429042 

429042 

429042 

429042 

Activity 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

0.2883 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

0.46708 

Permeate side 

Mole fraction Saturated 
x I 0" vapour pressure 

( Pa) 

1 22.7 21 6 

1 72.0 

1 61 .6 

68.9 

1 28 .5 

86.3 

2.47 

1 .94 

1 . 1 7  

1 .70 

1 .52 

2.77 

2. 1 8  

2.52 

2.05 

3 . 1 7 

5.04 

5.52 

4.29 

3. 1 6  

2.44 

1 .68 

21 6 

2 1 6  

395 

395 

395 

22.7 

22.7 

22.7 

44.5 

44.5 

44.5 

6 1 .9 

85.6 

85.6 

22.7 

22.7 

22.7 

44.5 

44.5 

44.5 

6 1 .9 

Activity 

0.0002 

0.00 1 1 

0.00 1 5  

0.0001 

0.0004 

0.0004 

0.000 1 0  

0.000 1 3  

0.000 1 0  

0.00006 

0.00007 

0.000 1 5  

0.00007 

0.00006 

0.00006 

0.00007 

0.00021 

0.00032 

0.00009 

0.00009 

0.000 1 1 

0.00004 

Overall 

Activity difference Mean flux Effective mass 
across membrane transfer coefficient 

(�unol m-2 s- ' ) ( !-lmol m-2 s- ' ) 

0.2882 0.36 1 .24 

0.2873 

0.2868 

0.2883 

0 .2879 

0.2879 

0.46698 

0.46696 

0.46698 

0.46703 

0 .46701 

0 .46693 

0.46701 

0.46702 

0 .46703 

0.46701 

0.46688 

0.46676 

0.46699 

0.46699 

0.46697 

0.46705 

0.43 

0.32 

0.35 

0 .55 

0.38 

0.04 

0.02 

0.00 

0.06 

0.04 

0.06 

0.09 

0. 1 6  

0 . 1 1 

0.02 

0.03 

0.02 

0.06 

0.04 

0.03 

0.03 

1 .50 

1 . 1 0  

1 .22 

1 .9 1  

1 .3 1  

0.08 

0.04 

0 .01  

0. 1 2  

0.09 

0. 1 4  

0.20 

0.34 

0.24 

0.05 

0.06 

0.05 

0. 1 3  

0.09 

0.06 

0 .06 
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Compound Operating conditions Feed side 

Feed Permeate Membrane Mole fraction Activity Activity 
temperature pressure x 10" coefficient 

(0C) ( k Pa) 

Ethyl Octanoate 40 1 .3 PDMS Type 2 1 .09 429042 0.46708 

Ethyl Octanoate 40 2.0 P D M S  Type 2 1 .09 429042 0.46708 

Ethyl Octanoate 40 3.3 PDMS Type 2 1 .09 429042 0.46708 

Ethyl Octanoate 30 0.3 POMS 1 .09 429042 0.46708 

Ethyl Octanoate 30 1 .3 POMS 1 .09 429042 0.46708 

Ethyl Octanoate 30 2.0 POMS 1 .09 429042 0.46708 

Ethyl Octanoate 40 0.5 POMS 1 .09 429042 0.46708 

Ethyl Octanoate 40 1 .3 POMS 1 .09 429042 0.46708 

Ethyl Octanoate 40 2.0 POMS 1 .09 429042 0.46708 

I\) 
(X) 
Ul 

Mole fraction 
x 106 

2 .87 

2 .78 

2 . 1 4  

3.49 

3 .61  

3 .01  

1 .2 1  

3.89 

1 .35 

Permeate side 

Saturated 
vapour pressure 

( Pa) 

85.6 

85.6 

85.6 

44.5 

44.5 

44.5 

85.6 

85.6 

85.6 

Activity 

0.00004 

0.00006 

0.00008 

0.00002 

0.0001 1 

0.000 1 3  

0.00001 

0.00006 

0 .00003 

Activity di fference 
across membrane 

0.46704 

0.46702 

0.46700 

0 .46706 

0.46697 

0.46695 

0.46708 

0.46702 

0 .46705 

Overall 

Mean flux Effective mass 
transfer coefficient 

(Ilmol m-' s- ' ) (Ilmol m-' S- I ) 
0.08 0 . 1 7  

0.07 0 . 1 6  

0.04 0 .08 

0.01 0.02 

0.01 0 .02 

0.01 0 .0 1  

0.01  0 .01  

0.02 0 .04 

0.01 0.D1 
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Appendix C 

Mass balance for flavour compou nds in  
standard mu lticomponent feed 

To confirm that there were no significant losses of flavour compounds during 

each pervaporation run,  a mass balance for each flavour compound was carried 

out for runs with the standard mUlticomponent feed. If no losses occurred, the 

mass of each flavour compound in  the feed should equal the mass remaining in 

the retentate at the end of the run,  plus the mass removed in  the permeate. Table 

C- l shows that the mass of each flavour compound in  the feed was always 

stat isticall y  s imi lar to the mass in the retentate plus the mass in the permeate (95% 

confidence) .  Therefore, no significant losses occurred. 

For each compound: 

Mass in feed (mg) = measured feed concentration (mg kg -I) x total feed mass 

(5 kg) 

Mass in retentate (mg) = final retentate concentration (mg kg - I )  X retentate mass 

(5 kg - total permeate mass) 

Mass in permeate (mg) = sum of [permeate concentration (mg kg - I )  X permeate 

mass (kg)] for the four permeate samples during each run 

The values i n  Table C- I are 95% confidence intervals for at least three repl icates 

at each set of operating conditions. 
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Table C- l :  Mass balance of flavour compounds during pervaporation runs with the standard muIticomponent feed (95 % confidence intervals). 

Compou nd 

2-Heptanone 

2-Heptanone 

2 -Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

Feed temoerature (OC) Permeate pressure ( kPa) Membrane 

20 

20 

20 

30 

30 

30 

35 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

40 

0.9 

1 .5 

2.0 

1 .5 

2 .0  

2 .4 

2 .0 

2 . 0  

2 . 4  

0 .5 

0.9 

1 .3 

0.9 

1 .3 

2.0 

1 . 3 

1 .3 

2 . 0  

3.3 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

Feed 

48 ± 1 0  

46 ± 1 7  

46 ± 4 

43 ± 5 

47 ± 1 1  

45 ± 25 

47 ± 2 1  

5 3  ± 28 
48 ± 1 8  

43 ± 8 

39 ± 4 

45 ± 1 3  

46 ± 9 

36 ± 1 4  

4 1  ± 6 

39 ± 32 

39 ± 1 3  

40 ± 34 

43 ± 1 0  

Mass of flavour compound ( mg) 

Retentate 

47 ± 22 

51 ± 42 

47 ± 6 

35 ± 4 

43 ± 1 3  

40 ± 1 7  

4 1  ± 1 0  

44 ± 9 
35 ± 1 2  

41  ± 7 

40 ± 1 8  

39 ± 1 2  

38 ± 4 

38 ± 1 8  

35 ± 6 

34 ± 1 8  

31  ± 9 

31 ± 1 5  

23 ± 49 

Permeate 

5 . 3  ± 2 . 0  

4 . 6  ± 2 . 0  

2 . 0  ± 0 . 1  

7 .9  ± 0.6 

7.6 ± 2.7 

7 . 6  ± 3.6 

9 . 1 ± 1 .2 

1 2 .7 ± 2.5 

9.9 ± 3 .4 

3 . 2  ± 0.8 

3 . 0  ± 0 . 9  

2 .4 ± 0 . 7  

5 .3  ± 3 .6 

5. 1  ± 0 . 6  

5 . 2  ± 0 . 7  

5.0 ± 2 . 4  

8.4 ± 4.3 

7.9 ± 3.3 

7 . 2  ± 0 .3 

Retentate + Permeate 

52 ± 22 

55 ± 42 

49 ± 6 

43 ± 4 

50 ± 1 4  

47 ± 1 7  

50 ± 1 0  

56 ± 9 

45 ± 1 2  

44 ± 7 

43 ± 1 8  

42 ± 1 2  

44 ± 6 

43 ± 1 8  

40 ± 6 

39 ± 1 8  

40 ± 1 0  

39 ± 1 6  

30 ± 49 
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I\) 
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Compound 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Heptanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

Feed temperature ( OC)  Permeate pressure (kPa)  Membrane 

30 

30 

30 

40 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

20 

20 

20 

30 

30 

0.3 

1 .3 

2.0 

0.5 

1 .3 

2 . 0  

0.9 

1 .5 

2.0 

1 .5 

2.0 

2.4 

2.0 

2.0 

2.4 

0.5 

0.9 

1 .3 

0.9 

1 .3 

POMS 

POMS 

POMS 

POMS 

POMS 

POMS 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

Feed 

42 ± 4 

40 ± 1 3  

4 1  ± 3 

39 ± 

40 ± 1 1  

4 1  ± 4 

32 ± 8 

3 1  ± 1 3  

32 ± 5 

30 ± 4 

32 ± 9 

32 ± 1 2  

30 ± 1 7  

32 ± 1 4  

33 ± 1 8  

35 ± 8 

3 1  ± 1 2  

36 ± 1 1  

36 ± 1 4  

28 ± 9 

Retentate 

40 ± 4 

36 ± 5 

38 ± 2 

34 ± 3 

35 ± 2 

38 ± 4 

3 1  ± 1 5  

33 ± 27 

32 ± 6 

24 ± 2 

28 ± 5 

27 ± 1 3  

25 ± 6 

27 ± 4 

23 ± 9 

32 ± 4 

33 ± 1 1  

3 1  ± 6 

32 ± 6 

29 ± 1 1  

Permeate 

1 . 7 ± 0 . 2  

1 .3 ± 0 . 3  

1 . 1 ± 0 . 4  

2.4 ± 1 .3 

2.8 ± 0.3 

2.4 ± 1 . 1 

1 .6 ± 0.4 

1 . 0 ± 0.7 

0 . 2  ± 0 . 1  

3 . 0  ± 0.4 

2 . 3  ± 1 . 1 

2.4 ± 1 .0 

3 . 0  ± 0 . 9  

4.6 ± 0.5 

4 . 5  ± 2 . 1  

0 . 9  ± 0.4 

1 . 0 ± 0.6 

0 . 8  ± 0.8 

2. 1 ± 2 . 0  

1 .5 ± 0 . 4  

Retentate + Permeate 

41 ± 4 

37 ± 5 

40 ± 2 

36 ± 4 

37 ± 2 

41 ± 4 

33 ± 1 5  

34 ± 27 

32 ± 6 

27 ± 2 

30 ± 6 

29 ± 1 3  

28 ± 6 

31 ± 4 

28 ± 9 

33 ± 4 

34 ± 1 2  

32 ± 6 

34 ± 6 

3 1  ± 1 1  



I\) 
CX> 
<D 

Compound 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

2-Nonanone 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Operating Conditions 

Feed temperature (OC) Permeate pressure ( kPa) Membrane 

30 

35 

40 

40 

40 

30 

30 

30 

40 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

2.0 

1 . 3 

1 .3 

2 . 0  

3 .3 

0.3 

1 . 3 

2.0 

0 .5  

1 . 3 

2 . 0  

0 . 9  

1 . 5 

2 . 0  

1 . 5 

2 . 0  

2 .4 

2 . 0  

2 . 0  

2 .4 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PO MS 

POMS 

POMS 

POMS 

POM S  

POMS 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

Feed 

34 ± 3 

29 ± 26 

31 ± 9 

32 ± 24 

33 ± 5 

40 ± 4 

39 ± 1 2  

4 1  ± 6 

38 ± 7 

38 ± 1 0  

39 ± 6 

480 ± 1 40 

460 ± 220 

460 ± 60 

450 ± 60 

490 ± 80 

470 ± 1 70 

450 ± 1 90 

530 ± 2 1 0  

450 ± 1 50 

Mass of flavour compound ( mg) 

Retentate 

28 ± 6 

25 ± 1 7  

23 ± 7 

29 ± 35 

1 5  ± 33 

38 ± 5 

34 ± 2 

37 ± 4 

32 ± 4 

33 ± 2 

35 ± 4 

470 ± 270 

500 ± 390 

460 ± 80 

370 ± 40 

440 ± 40 

400 ± 1 60 

400 ± 70 

440 ± 40 

330 ± 1 00 

Permeate 

1 .3 ± 0.4 

1 .2 ± 0.6 

3 . 2  ± 1 . 7 

3 . 1  ± 2.8 

1 . 7 ± 0.5 

0.5 ± 0 . 1  

0 . 4  ± 0.4 

0 . 3  ± 0 . 1  

0 . 5  ± 0 . 2  

0 . 9  ± 0 . 5  

0 . 4  ± 0 . 3  

56 ± 24 

50 ± 22 

25 ± 3 

89 ± 7 

84 ± 26 

86 ± 34 

97 ± 1 2  

1 3 1 ± 1 0  

99 ± 36 

Retentate + Permeate 

30 ± 6 

26 ± 1 7  

26 ± 7 

32 ± 35 

1 7  ± 33 

39 ± 5 

35 ± 2 

38 ± 4 

33 ± 4 

34 ± 2 

36 ± 4 

520 ± 270 

550 ± 400 

490 ± 80 

460 ± 40 

530 ± 50 

480 ± 1 70 

500 ± 70 

570 ± 40 

420 ± 1 1 0 
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Compound 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl butanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl  hexanoate 

Operating Conditions 

Feed temperature (0C) Permeate pressure (kPa) 

20 

20 

20 

30 

30 

30 

35 

40 

40 

40 

30 

30 

30 

40 

40 

40 

20 

20 

20 

30 

0.5 

0.9 

1 . 3 

0 . 9  

1 .3 

2 . 0  

1 .3 

1 .3 

2.0 

3.3 

0.3 

1 .3 

2.0 

0.5 

1 . 3 

2 . 0  

0 . 9  

1 .5 

2 . 0  

1 .5 

Membrane 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

POMS 

POMS 

POMS 

POMS 

POMS 

POMS 

PDMS Type 1 

PDMS Type 1 

PDMS Type 1 

PDMS Type I 

Feed 

21 0 ± 50 

1 90 ± 20 

230 ± 50 

220 ± 30 

1 70 ± 70 

200 ± 60 

200 ± 1 60 

1 90 ± 1 00 

1 80 ± 1 70 

200 ± 40 

470 ± 50 

440 ± 1 50 

440 ± 60 

420 ± 3 0  

460 ± 1 20 

450 + 60 

480 ± 1 20 

470 ± 2 1 0  

450 ± 90 

450 ± 50 

Mass of flavour compound ( mg) 

Retentate 

200 ± 40 

1 90 ± 60 

1 90 ± 40 

1 80 ± 20 

1 70 ± 50 

1 70 ± 50 

1 70 ± 1 00 

1 50 ± 50 

1 30 ± 40 

1 1 0  ± 230 

440 ± 40 

390 ± 60 

41 0 ± 70 

380 ± 30 

400 ± 1 0  

400 + 1 00 

470 ± 1 80 

490 ± 430 

450 ± 70 

360 ± 40 

Permeate 

1 8  ± 4 

1 7  ± 3 

1 5  ± 6 

30 ± 25 

28 ± 5 

29 ± 5 

28 ± 1 4  

47 ± 27 

43 ± 1 4  

42 ± 7 

22 ± 3 

1 6  ± 4 

1 4  ± 3 

32 ± 1 8  

36 ± 6 

3 1  + 1 1  

28 ± 4 

20 ± 1 4  

6 ± 2 

54 ± 6 

Retentate + Permeate 

220 ± 40 

21 0 ± 60 

21 0 ± 40 

2 1 0  ± 30 

200 ± 50 

200 ± 50 

200 ± 1 00 

200 ± 50 

1 80 ± 50 

1 50 ± 230 

460 ± 40 

41 0 ± 60 

420 ± 70 

4 1 0  ± 30 

440 ± 20 

430 + 1 00 

490 ± 1 80 

5 1 0 ± 430 

460 ± 70 

41 0 ± 40 
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Compound 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoatc 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Ethyl hexanoate 

Feed temperature (QC) Permeate pressure (kPa) Membrane 

3 0  

3 0  

35 

40 

40 

20 

20 

20 

30 

3 0  

3 0  

35 

40 

40 

40 

30 

30 

30 

40 

40 

2 . 0  

2.4 

2.0 

2.0 

2.4 

0.5 

0.9 

1 . 3 

0 . 9  

1 . 3 

2 . 0  

1 . 3 

1 . 3 

2.0 

3.3 

0.3 

1 . 3 

2.0 

0.5 

1 . 3 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

POMS 

POMS 

POMS 

POMS 

POMS 

Feed 

490 ± 1 40 

480 ± 1 80 

460 ± 230 

520 ± 1 90 

480 ± 220 

440 ± 1 40 

380 ± 70 

480 ± 1 50 

440 ± 80 

320 ± 1 80 

380 ± 1 80 

400 ± 300 

370 ± 250 

370 ± 340 

440 ± 80 

460 ± 50 

440 ± 1 20 

440 ± 20 

41 0 ± 80 

460 ± 1 80 

Mass of flavour compound (mg) 

Retentate 

420 ± 70 

400 ± 1 60 

390 ± 1 20 

420 ± 40 

340 ± 40 

41 0 ± 90 

400 ± 1 20 

400 ± 1 20 

360 ± 50 

320 ± 40 

320 ± 1 70 

340 ± 1 90 

300 ± 80 

260 ± 90 

220 ± 480 

420 ± 50 

380 ± 40 

400 ± 20 

350 ± 40 

390 ± 30 

Permeate 

42 ± 1 5  

46 ± 20 

57 ± 1 2  

88 ± 8 

75 ± 3 1  

1 6  ± 6 

1 6  ± 9 

1 5  ± 1 4  

30 ± 22 

22 ± 6 

20 ± 5 

2 1  ± 7 

46 ± 28 

44 ± 33 

31 ± 1 1  

7 ± 2 

7 ± 5 

6 ± 2 

6 ± 2 

1 3  ± 6 

Retentate + Permeate 

460 ± 70 

450 ± 1 60 

450 ± 1 20 

5 1 0  ± 40 

420 ± 50 

420 ± 90 

420 ± 1 20 

420 ± 1 20 

390 ± 50 

340 ± 40 

340 ± 1 70 

360 ± 1 90 

340 ± 90 

300 ± 90 

250 ± 480 

430 ± 50 

390 ± 40 

41 0 ± 20 

350 ± 40 

41 0 ± 30 
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Compound 

Ethyl hexanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

o 
Feed temperature (0C) Permeate pressure (kPa) 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

40 

2 . 0  

0.9 

1 .5 

2 . 0  

1 .5 

2 . 0  

2 .4 

2.0 

2.0 

2.4 

0.5 

0.9 

1 . 3 

0 . 9  

1 .3 

2 . 0  

1 .3 

1 . 3 

2 . 0  

3 . 3  

Membrane 

POMS 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type 1 

PDMS Type 1 

PDMS Type 1 

PDMS Type 1 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

Feed 

440 + 80 

34 ± 1 8  

3 1  ± 1 1  

34 ± 1 4  

28 ± 5 

28 ± 1 1  

35 ± 24 

27 ± 1 8  

34 ± 1 4  

28 ± 1 2  

28 ± 1 0  

25 ± 1 6  

30 ± 1 4  

25 ± 1 0  

3 0  ± 39 

28 ± 23 

26 ± 25 

23 ± 1 9  

25 ± 30 

28 ± 1 0  

Retentate 

390 + 60 

32 ± 28 

30 ± 2 1  

2 9  ± 6 

2 1  ± 4 

23 ± 6 

27 ± 2 1  

2 1  ± 6 

29 ± 1 5  

20 ± 1 6  

25 ± 8 

26 ± 1 0  

26 ± 1 1  

26 ± 20 

31 ± 46 

26 ± 39 

20 ± 1 5  

1 8  ± 1 4  

23 ± 43 

1 2  ± 25 

Permeate 

7 + 3 

1 . 0 ± 0.2 

0.5 ± 0.6 

0 . 1  ± 0 . 1  

1 .7 ± 0 . 3  

1 .2 ± 0 . 6  

1 . 7 ± 0 . 8  

2 . 2  ± 1 .5 

3 . 6  ± 0.7 

3.1  ± 2 . 6  

0 . 6  ± 0.4 

0 . 8  ± 0.4 

0 . 6  ± 1 . 1 

1 . 7 ± 1 . 7 

1 . 2 ± 1 .6 

0.8 ± 1 .2 

0 . 7  ± 0.5 

2 . 3  ± 1 .5 

2 . 1  ± 1 .9 

1 .0 ± 0.7 

Retentate + Permeate 

390 + 6 0  

33 ± 28 

30 ± 22 

29 ± 6 

22 ± 4 

24 ± 6 

28 ± 2 1  

24 ± 6 

32 ± 1 5  

23 ± 1 6  

26 ± 8 

27 ± 1 0  

27 ± 1 1  

27 ± 20 

32 ± 46 

27 ± 39 

2 1  ± 1 5  

2 1  ± 1 4  

25 ± 43 

1 3  ± 25 



I\) to 
W 

Compound 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Ethyl octanoate 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Operating Conditions 

Feed temperature (OC ) Permeate pressure (kPa) Membrane 

30 

3 0  

30 

40 

40 

40 

20 

20 

20 

3 0  

30 

30 

35 

40 

40 

20 

20 

20 

30 

30 

0.3 

1 .3 

2.0 

0.5 

1 .3 

2.0 

0.9 

1 . 5 

2 . 0  

1 .5 

2 .0 

2.4 

2.0 

2.0 

2.4 

0.5 

0.9 

1 . 3 

0.9 

1 . 3 

POMS 

POMS 

POMS 

POMS 

POMS 

POMS 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

Feed 

20 ± 4 

1 8  ± 5 

1 9  ± 7 

1 7  ± 3 

1 8  ± 1 3  

1 7  ± 2 

600 ± 2 1 0  

590 ± 1 30 

6 1 0 ± 50 

570 ± 70 

590 ± 1 80 

6 1 0 ± 2 1 0 

6 1 0 ± 240 

760 ± 590 

650 ± 300 

620 ± 1 1 0  

470 ± 1 80 

470 ± 900 

640 ± 1 50 

600 ± 380 

Mass of flavour compound ( mg) 

Retentate 

1 8  ± 3 

1 5  ± 4 

1 6  ± 5 

1 3  ± 7 

1 5  ± 

1 5  + 3 

660 ± 340 

670 ± 400 

620 ± 70 

540 ± 60 

650 ± 1 00 

6 1 0  ± 200 

590 ± 550 

7 1 0 ± 1 90 

590 ± 200 

680 ± 240 

580 ± 330 

480 ± 820 

6 1 0  ± 1 40 

730 ± 940 

Permeate 

0.2 ± 0 . 1  

0 . 2  ± 0 . 2  

0 . 1  ± 0 . 1  

0. 1 ± 0 . 1  

0 .5 ± 0.4 

0.1 + 0 . 1  

2 . 1  ± 0 . 6  

1 .3 ± 0 . 5  

0 . 5  ± 0 . 1  

5 . 3  ± 0 . 5  

4 . 4  ± 1 .9 

3 . 6  ± 1 .9 

6 .5 ± 1 . 2 

1 1 .2 ± 0.5 

9 . 6  ± 5 . 2  

1 . 1 ± 0 .4 

0 . 7  ± 0.2 

0.4 ± 0.3 

2.3 ± 1 .6 

2.4 ± 1 . 1 

Retentate + Permeate 

1 8  ± 3 

1 5  ± 4 

1 7  ± 5 

1 3  ± 7 

1 5  ± 

1 5  + 3 

660 ± 340 

670 ± 400 

620 ± 70 

550 ± 60 

660 ± 1 00 

6 1 0  ± 200 

590 ± 550 

720 ± 1 90 

600 ± 200 

680 ± 240 

580 ± 330 

480 ± 820 

6 1 0  ± 1 40 

740 ± 940 
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Compound 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

Acetic acid 

B utanoic acid 

B utanoic acid 

B utanoic acid 

B utanoic acid 

Butanoic acid 

B utanoic acid 

B utanoic acid 

B utanoic acid  

Butanoic acid 

Operating Conditions 

Feed temperature (OC) Permeate pressure ( kPa) Membrane 

30 

35 

40 

40 

40 

30 

30 

30 

40 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

2 . 0  

1 . 3 

1 . 3 

2.0 

3.3 

0 . 3  

1 .3 

2 . 0  

0 . 5  

1 .3 

2 . 0  

0 . 9  

1 . 5 

2 . 0  

1 . 5 

2 . 0  

2 .4 

2 . 0  

2 . 0  

2 .4 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

POMS 

POMS 

POMS 

POMS 

POMS 

POMS 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type 1 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

Feed 

740 ± 720 

5 1 0 ± 390 

600 ± 470 

490 ± 6 1 0  

590 ± 80 

500 ± 1 00 

440 ± 230 

4 1 0  ± 80 

470 ± 1 30 

600 ± 230 

460 ± 1 20 

480 ± 1 40 

460 ± 1 70 

500 ± 60 

460 ± 50 

5 1 0 ± 90 

500 ± 80 

530 ± 2 1 0 

600 ± 3 1 0 

490 ± 1 90 

Retentate 

750 ± 780 

5 1 0 ± 280 

490 ± 2 1 0 

480 ± 300 

390 ± 880 

530 ± 90 

420 ± 60 

420 ± 80 

500 ± 50 

590 ± 20 

490 ± 1 70 

530 ± 300 

570 ± 350 

520 ± 50 

440 ± 50 

540 ± 1 20 

520 ± 1 30 

560 ± 1 70 

600 ± 60 

440 ± 1 20 

Permeate 

2 . 5  ± 2.9 

2 . 6  ± 1 .4 

6 . 3  ± 2 . 7  

4 . 0  ± 1 . 9 

3 . 0  ± 0 . 5  

0 . 8  ± 0 . 2  

0.3 ± 0 . 1  

0 . 2  ± 0. 1 

1 . 2 ± 0 . 7  

1 .4 ± 0 . 1  

0 . 8  ± 0 . 3  

3.2 ± 1 . 2 

1 .8 ± 1 .0 

0 . 7  ± 0 . 2  

8 . 6  ± 0 . 6  

7 . 2  ± 3.2 

6.1  ± 2.2 

1 2 .0 ± 3.8 

2 1 .3 ± 3 . 0  

1 6 . 1  ± 6 . 2  

Retentate + Permeate 

750 ± 780 

5 1 0  ± 280 

490 ± 2 1 0 

490 ± 300 

390 ± 880 

530 ± 90 

420 ± 60 

420 ± 80 

500 ± 5 0  

5 9 0  ± 20 

490 ± 1 70 

530 ± 300 

570 ± 350 

520 ± 50 

440 ± 50 

550 ± 1 20 

520 ± 1 30 

570 ± 1 70 

630 ± 60 

460 ± 1 20 



Compound 

B utanoic acid 

Butanoic acid 

Butanoic acid 

B utanoic acid 

Butanoic acid 

Butanoic acid 

B utanoic acid 

Butanoic acid 

Butanoic acid 

Butanoic acid 

B utanoic acid 

Butanoic acid 

Butanoic acid 

Butanoic acid 

Butanoic acid 

B utanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

o 
Feed temperature (QC) Permeate pressure (kPa) Membrane 

20 

20 

20 

30 

30 

30 

35 

40 

40 

40 

30 

30 

30 

40 

40 

40 

20 

20 

20 

30 

0.5 

0 . 9  

1 .3 

0.9 

1 . 3 

2 . 0  

1 .3 

1 . 3 

2.0 

3 .3 

0 . 3  

1 .3 

2.0 

0 .5 

1 .3 

2.0 

0 . 9  

1 . 5 

2 . 0  

1 .5 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

POMS 

POMS 

POMS 

POMS 

POMS 

POMS 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

Feed 

490 ± 70 

420 ± 20 

490 ± 1 70 

550 ± 1 50 

440 ± 200 

540 ± 320 

420 ± 340 

450 ± 230 

390 ± 4S0 

500 ± 1 1 0 

420 ± 60 

390 ± 1 60 

360 ± 50 

400 ± 30 

4S0 ± 1 20 

400 + 70 

450 ± 1 90 

400 ± 200 

540 ± 1 50 

450 ± 70 

Retentate 

560 ± 200 

470 ± 240 

490 ± 60 

5 1 0 ± 1 70 

540 ± 530 

540 ± 320 

420 ± 220 

4 1 0  ± 1 S0 

370 ± 250 

3 1 0  ± 700 

450 ± 60 

370 ± 70 

370 ± 60 

41 0 ± 20 

4S0 ± 40 

420 + SO 

470 ± 1 60 

540 ± 1 20 

430 ± 70 

390 ± 70 

Permeate 

1 . 7 ± 0.5 

1 . 1 ± 0.4 

0.7 ± 0.4 

4 .S ± 3.4 

4.3 ± 2.2 

4 . 1  ± 3 . 0  

5 . 2  ± 2 . 6  

1 2 . 5  ± 4 .9 

S . 6  ± 4.4 

6.3 ± 0.4 

2 .4 ± 0.4 

0.7 ± 0.2 

0.4 ± 0.2 

4 .2 ± 3.2 

3 . 5  ± 0.3 

2 .3 + 0 . 9  

4.2 ± 1 . 6 

2 . 1  ± O . S  

0 . 6  ± 0 . 2  

1 2.9 ± 1 .2 

Retentate + Permeate 

560 ± 200 

470 ± 240 

490 ± 60 

5 1 0  ± 1 70 

540 ± 530 

550 ± 320 

420 ± 220 

420 ± 1 S0 

3S0 ± 250 

320 ± 700 

450 ± 60 

370 ± 70 

3S0 ± 60 

41 0 ± 20 

4S0 ± 40 

420 ± so 

470 ± 1 60 

540 ± 1 20 

430 ± 70 

41 0 ± 70 
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Compound 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

Hexanoic acid 

o 
Feed lemoeralure (OC) Permeale prt::ssure ( kPa) 

30 

30 

35 

40 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

40 

30 

30 

30 

40 

40 

2 . 0  

2.4 

2.0 

2.0 

2.4 

0 . 5  

0 . 9  

1 . 3 

0.9 

1 .3 

2 . 0  

1 . 3 

1 . 3 

2 . 0  

3.3 

0 .3 

1 . 3 

2 . 0  

0 . 5  

1 . 3 

Membrane 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 
PDMS Type 2 

POMS 

POMS 

POMS 

POMS 

POMS 

Feed 

6 1 0 ± 920 

490 ± 1 0  

550 ± 1 60 

620 ± 390 

460 ± 1 60 

360 ± 60 

3 1 0 ± 40 

350 ± 1 50 

400 ± 1 20 

3 1 0 ± 1 40 

390 ± 2 1 0 

370 ± 340 

360 ± 2 1 0 

290 ± 380 

340 ± 60 

390 ± 60 

400 ± 1 50 

320 ± 50 

370 ± 1 1 0  

440 ± 1 80 

Retentate 

480 ± 290 

500 ± 30 

660 ± 550 

600 ± 1 1 0 

5 1 0  ± 6 1 0  

390 ± 80 

360 ± 1 80 

370 ± 1 00 

380 ± 1 1 0  

370 ± 320 

380 ± 200 

330 ± 1 80 

300 ± 1 50 

270 ± 220 

230 ± 520 

390 ± 60 

350 ± 1 00 

320 ± 60 

370 ± 40 

420 ± 20 

Permeale 

1 1 . 5 ± 7 . 1  

9 . 2  ± 3 . 8  

2 1 . 6 ± 8.9 

39.2 ± 1 3 .4 

27.3 ± 9 . 9  

1 .7 ± 0 . 6  

1 .0 ± 0 . 4  

0 . 5  ± 0 . 2  

6 . 8  ± 5 . 1  

4 . 9  ± 2.8 

4. 1 ± 1 .8 

6 . 2  ± 3.3 

1 7. 5  ± 8 . 3  

1 1 . 6 ± 5.4 

7.4 ± 1 .2 

1 . 7 ± 0 . 3  

0 . 5  ± 0 . 2  

0 . 3  ± 0 . 2  

3 . 6  ± 3.4 

3.4 ± 0.3 

Relentate + Permeale 

490 ± 290 

5 1 0 ± 30 

680 ± 550 

640 ± 1 1 0 

540 ± 6 1 0 

390 ± 80 

360 ± 1 80 

370 ± 1 00 

380 ± 1 1 0  

380 ± 320 

380 ± 200 

330 ± 1 80 

320 ± 1 50 

280 ± 220 

240 ± 520 

390 ± 60 

350 ± 1 00 

320 ± 60 

380 ± 40 

430 ± 20 
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Compound 

Hexanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic ac id 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

o 
Feed temperature (DC) Permeate pressure ( kPa) Membrane 

40 

20 

20 

20 

30 

30 

30 

35 

40 

40 

20 

20 

20 

30 

30 

3 0  

35 

40 

40 

40 

2.0 

0.9 

1 . 5 

2 . 0  

1 . 5 

2 . 0  

2 . 4  

2 . 0  

2 . 0  

2 . 4  

0 . 5  

0 . 9  

1 .3 

0 . 9  

1 .3 

2 . 0  

1 .3 

1 .3 

2.0 

3 . 3 

POMS 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type I 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

PDMS Type 2 

Feed 

350 ± 50 

300 ± 1 00 

3 1 0 ± 1 90 

340 ± 1 20 

3 1 0 ± 40 

330 ± 60 

3 1 0 ± 70 

370 ± 1 00 

460 ± 330 

340 ± 260 

260 ± 90 

230 ± 50 

240 ± 220 

3 1 0 ± 2 1 0  

1 80 ± 90 

230 ± 1 40 

1 60 ± 1 1 0  

250 ± 230 

1 90 ± 1 70 

270 ± 30 

Mass of flavour compound (mg) 

Retentate 

350 ± 1 00 

330 ± 270 

340 ± 250 

320 ± 50 

290 ± 50 

340 ± 1 1 0 

3 1 0 ± 60 

320 ± 50 

400 ± 1 00 

260 ± 1 60 

270 ± 50 

260 ± 1 30 

280 ± 340 

300 ± 1 60 

200 ± 80 

220 ± 80 

1 60 ± 80 

2 1 0  ± 1 20 

1 70 ± 90 

1 80 ± 400 

Permeate 

1 . 7 ± 1 . 1 

2 . 0  ± 1 .7 

0 . 8  ± 0.6 

0.3 ± 0.3 

8 . 7  ± 1 .6 

6 . 3  ± 3.6 

4.2 ± 2.0 

1 1 . 7 ± 5 . 9  

25 ± 1 9 .8 

23.2 ± 1 2 . 6  

0 . 6  ± 0 . 3  

0 . 4  ± 0 . 2  

0 . 2  ± 0 . 0  

5 . 1  ± 7.4 

1 .4 ± 0 . 1  

1 . 1 ± 0 . 6  

1 . 5 ± 0.4 

8.9 ± 2.0 

6 . 9  ± 3 . 6  

3 . 2  ± 2 . 2  

Retentate + Permeate 

350 ± 1 00 

330 ± 270 

340 ± 250 

320 ± 50 

290 ± 50 

350 ± 1 1 0  

3 1 0  ± 60 

330 ± 50 

430 ± 1 00 

290 ± 1 60 

270 ± 50 

260 ± 1 30 

280 ± 340 

300 ± 1 60 

200 ± 80 

220 ± 80 

1 60 ± 80 

220 ± 1 20 

1 80 ± 90 

1 90 ± 400 
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Compound 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

Octanoic acid 

0 

Feed tem�erature (OC ) Permeate �ressure (kPa) 

30 0.3 

30 1 .3 

30 2.0 

40 0.5 

40 1 . 3 

40 2 . 0  

Membrane Feed 

POMS 270 ± 20 

POMS 330 ± 490 

POMS 260 ± 1 1 0 

PO MS 250 ± 1 50 

POMS 3 1 0 ± 50 

POMS 330 + 1 80 

» ""0 
""0 

Rctentate Permeate Retentate + Permeate CD :::J 
c... 

300 ± 30 0.3 ± 0 . 0  300 ± 30 x· 
420 ± 350 0.3 ± 0.5 420 ± 350 

0 

260 ± 70 0 . 1  ± 0.2 260 ± 70 

240 ± 1 50 0.7 ± 0 . 7  240 ± 1 50 

300 ± 80 1 . 1  ± 0.8 300 ± 80 

280 + 50 0.4 + 0 . 7  2 8 0  + 50 



Appendix D 

Flavour  compound enrich ment factors at 
various operat ing conditions 

With each membrane, the enrichment factors o f  flavour compounds were 

measured at a range of feed temperatures and permeate pressures (using the 

standard mult icomponent feed) .  Tables D- I and 0-2 give the results obtained with 

the POMS and PDMS Type 2 membranes respect ively. 

Table 0- 1 :  Enrichment factors (mean ± standard error) of flavour compounds at various 
operating conditions (POMS membrane; standard multicomponent feed). 

Enrichment factor 

Feed temperature 30°C 40°C 

Permeate 
0.3 kPa 1 . 3 kPa 2 kPa 0.5 kPa 1 .3 kPa 2 kPa 

pressure 

2-Heptanone 25 . 1 2  26.49 25 .52 2 1 . 35  22. 1 6  22.57 
± 0.8 1 ± 0.3 ± 0.56 ± 1 .09 ± 0.55 ± 2.75 

2-Nonanone 6.99 8 .67 7 .94 4. 1 1  7. 1 9  4.20 
± 0.9 1 ± 1 .52 ± 1 .49 ± 0.47 ± 0.97 ± 0. 86 

......................................................................... ...................................................................... H ....... ····.HM . ______ . __ •• ____ .....•• .... 

Acetic acid 1 .09 0.64 0.45 1 .00 1 .02 0.73 
± 0.07 ± 0.02 ± 0.05 ± 0.03 ± 0.0 1 ± 0. 1 

Butanoic acid 3 .22 1 .32  0.86 3 .40 2 .6 1 1 .98 
± 0. 1 2  ± 0.08 ± 0.06 ± 0. 1 7  ± 0.06 ± 0.29 

Hexanoic acid 2 .20 0.93 0.58 2.77 2.4 1 1 . 35  
± 0. 1 1  ± 0.03 ± 0.06 ± 0 .28 ± 0.06 ± 0. 1 9  

Octanoic ac id 0.39 0.62 0.32 0.6 1 0.84 0.28 
± 0.03 ± 0.22 ± 0.09 ± 0.08 ± 0. 1 5  ± 0.08 

•• ••••• •••• " M  ................... -----_._--_. . .. _-_ ..... _--_.--_ .. 

Ethyl butanoate 3 1 . 1 1 33 .0 1 33 . 1 8  27.65 28.63 28.69 
± 0.98 ± 0.56 ± 1 . 33  ± 1 . 1 8  ± 1 .06 ± 3 . 85 

Ethyl hexanoate 9 .7 1 1 4 . 1 7  1 4 .26 5 .5 1 1 0.30 6 .3 1 
± 1 . 1  ± 2 . 1 5  ± 2 .3 1 ± 0.55 ± 1 . 1 5 ± 1 . 37 

Ethyl octanoate 3 . 1 1  3 .49 3 .07 1 . 1 0 3 .60 1 . 1 3  
± 0.66 ± 0.94 ± 0.89 ± 0.25 ± 0.72 ± 0.34 
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Table 0-2: Enrichment factors ( mean ± standard error) of flavour compounds at various operating conditions (PDMS Type 2 membrane; standard 
muIticomponent feed). 

Feed temperature 

Permeate pressure 0.5 kPa 

2-Heptanone 1 6. 1 8 
± 2 .03 

2-Nonanone 4.65 
± 0.82 

... .......... .. . ............ . ..... ...... . .. .......... ..... . ........ ...... ........... �--.. ---....••. 

Acetic acid  

B utanoic acid 

Hexanoic acid 

Octanoic acid 
. . ... . . .  ................ .... 

Ethyl butanoate 

Ethyl hexanoate 

Ethyl octanoate 

0.52 
± 0.07 

0.80 
± 0.09 

0.78 
± O. I O  

0.29 
± 0.05 

9 .03 
± 1 .07 

7 .84 
± 1 .23 

2.95 
± 0.68 

20°C 

0.9 kPa 1 .3 kPa 

1 9.38 2 1 . 1 5  
± 1 .46 ± 1 .79 

6.24 7 . 1 0  
± 0.93 ± 2 .46 

..... . . .. . .......... .. ........ ...... ............................................. _ . 

0.44 0.35 
± 0.Q3 ± 0. 1 0  

0.67 0.57 
± 0.D7 ± 0.0 1 

0.57 0 .36 
± 0.02 ± 0.05 

0.23 0. 1 5  
± 0.02 ± 0.02 

............ __ ... _ ....... . 

1 0.99 1 2 .89 
± 0.5 1 ± 0.65 

1 0.33 1 3 .90 
± 1 .28 ± 4.70 

4.65 5 . 53  
± 0.58 ± 2.88 

0.9 kPa 

1 2 .36 
± 1 .43 

4.92 
± 0.70 

.............. _ ......... _ .. _--

0.50 
± 0.05 

1 .05 
± 0.09 

l .42 
± 0. 1 3  

1 . 1 5 
± 0.3 1 

6.88 
± 1 . 1 6 

7.0 1 
± 0.7 1 

3 .83 
± 0.62 

Enrichment factor 

30°C 35°C 40°C 

1 .3 kPa 2.0 kPa 1 .3 kPa 1 . 3 kPa 2.0 kPa 3 . 3  kPa 

1 3 .66 1 5 .59 1 2 .34 1 0.29 1 0. 1 7  1 5 .34 
± 0.90 ± 0.32  ± 1 .2 1  ± 0.70 ± 0.77 ± 0.44 

3 .90 3 .99 2.98 3 .92 3 . 89 3 .64 
± 0.06 ± 0.22  ± 0.28 ± 0.35 ± 0.49 ± 0.2 1  

................................................. _ .. _.- ....................... _ ....... _ . ..... . ...... _._._-_. __ ._ .. _ . ................................. .................................................................. -

0.6 1 0.70 0.60 0.74 0.50 0.59 
± 0.06 ± 0. 1 8  ± 0.07 ± O. I I ± 0.07 ± O.OO 

1 .08 1 . 1 3 l . 1 8  1 .43 l .04 l .22 
± 0. 1 5  ± 0. 1 9  ± 0. 1 2  ± 0. 1 4  ± 0. 1 4  ± 0.04 

l . 1 7 1 .09 1 .36 1 .92 1 .34 1 . 39 
± 0. 1 7  ± 0. 1 1  ± 0. 1 5  ± 0. 1 9  ± 0. 1 8  ± 0.03 

0.36 0.32 0.36 1 .03 0 .86 0.62 
± 0.02 ± 0.04 ± 0 .02 ± 0.0 1 ± 0.06 ± 0.09 

...................................... .............................. 

7 .32 8 .48 6 .78 5 .56  5 .43 8 .69 
± 0.46 ± 0.28 ± 0.7 1 ± 0.48 ± 0.4 1 ± 0. 1 8  

5 .65 5 .87 5 .22 5 . 5 1 5 .47 6 .56 
± 0.33 ± 0.42 ± 0.32  ± 0.54 ± 0.5 1 ± 0.45 

2.87 2 .29 1 .56 2.65 2 .47 l .98 
± 0.8 1 ± 0.76 ± 0.25 ± 0.35 ± 0.3 1 ± 0.34 

» "'0 
"'0 CD ::J 
a. 
x· 
0 



Appendix E 

Flavour  compound en rich ment factors at two 
concentrations 

Pervaporation experiments were carried out at one set of operating conditions 

only, with the standard mUlticomponent feed, except that each flavour compound 

was at 50% of its standard concentration. The enrichment factors were not 

significantl y different from those obtained at standard concentrations under the 

same operating conditions (Table E- I ) . 

Table E- I :  Enrichment factors of flavour compounds at two feed concentrations. Operating 
conditions: 30°C feed temperature, 1 .5 kPa permeate pressure, PDMS Type 1 membrane. 

Compound Feed concentration Enrichment factor 

2-Heptanone 
2-Nonanone 
Ethyl butanoate 
Ethyl hexanoate 
Ethyl octanoate 
Acetic acid 
Butanoic ac id 
Hexanoic acid 
Octanoic acid 

(mg kg- I ) (95 %  confidence) 
Standard 50% Standard 50% 

concentration concentration cOl1centrat ion concentration 

9.8 4.9 8 .2 ± 0.8 9 .7 ± 1 7 .7 
9 .8  4.9 4.2 ± 0.6 7.4 ± 1 2 .5 

t O t  50.5 9 .2 ± 0.9 1 0.0 ± 1 3 .0 
1 00 50 5 .5  ± 0.8 8 .3  ± I 1 . 9 

1 0.4 5 .2 I .  1 ± 0.3 1 . 7 ± 0.5 
1 05 52 .5  0.5 1 ± 0. 1 2  0.6 ± 0.4 
1 07 53 .5  0 .78 ± 0.08 0.8 ± 2 .0 
I 1 1  55 .5  1 . 1 4 ± 0.07 1 .3 ± 3 .0 
1 05 52.5 0.60 ± 0.06 1 .0 ± 2 .3  
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Appendix F 

Feed partial pressu res of d iacetyl and water 

The partial pressure (Pi./) of a compound in  the feed is  given by Equation (F- l ) : 

(F- I )  

where Xi./ i s  the mole fraction o f  that compound i n  the feed, '}1./ i s  the act ivi ty 

coefficient of that compound, and p? i s  its saturated vapour pressure. Table F- I 

shows the values of these parameters at 200e and 40oe, for diacetyl and water, in  

starter dist i l late. 

Table F - I :  Calculation of feed partial pressures of diacetyl and water in starter distillate. 

Compound Feed Mole Activity Saturated Partial 

Diacetyl 

Water 

temperature fraction coefficienta vapour pressure 

(OC) 
20 4.6 x 1 0  4 
40 4.6 x 1 0-4 

20 I 
40 

1 3  
1 3  

pressureb 

(Pa) 
5605 

1 5679 
2353 
7428 

(Pa) 
33 .5  
93 .8  

2353 
7428 

aOiacetyl value from Baudot & Marin ( 1 996); water value assumed to be unity for a di lute solution 
bOiacetyl val ues calculated from Antoine constants (Baudot & Marin, 1 996); water values from 
Borgnakke & Sonntag ( 1 997) 

The feed partial pressure of diacetyl at 400e was 2.8 t imes i ts value at 20oe, and 

the partial pressure of water at 400e was 3 . 2  t imes its value at 200e (Table  F- l ) . 
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Append ix G 

Mass balance for concentration of diacetyl i n  
starter d isti l late 

As diacetyl permeates through the membrane, its concentration in the retentate 

wi l l  decrease over t ime. Under the experimental conditions in this study, the 

retentate concentration remained approximately constant , because only a small 

amount of the starter dist i l late (2% of the total feed, over a four-hour run) 

permeated through the membrane .  However, if  1 0% of the total feed was removed 

as permeate, this approxi mation wou ld no longer be valid. Th is means that the 

calculation of the theoret ical permeate concentration, when only the enrichment 

factor and in i ti al feed concentration are known, is more complex than simply 

mUl tiplying the ini tial feed concentration by the enrichment factor. 

The mass balance in Figure G- l appl ies to the hypothetical case in which 1 0  L of 

starter disti l l ate feed (2200 mg L- 1 diacetyl ) is  used to produce I L of permeate 

(by increasing the run t ime and membrane area). The enrichment factor of 6.3 was 

taken from experimental data at 40DC, and it was assumed that 2% of the total 

feed would permeate through the membrane every four  hours (permeate flow rate 

of 0.05 L h- I ) .  
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Appendix  G 

Feed - time zero 

Volume 1 0  L 
Diacetyl concentration 
2200 mg L-1 

Total diacetyl 22000 mg 

Membrane 

Retentate - first hour 

Volume 9.95 L 
Diacetyl concentration 
2 1 41 mg L-1 

Total diacetyl 2 1 307 mg 

Permeate - first hour 

Volume 0.05 L 
Diacetyl concentration 
1 3860 mg L-1 

Total d iacetyl 693 mg 

Permeate - second hour 

Volume 0.05 L 
Diacetyl concentration 
1 3491  mg L-1 

Total d iacetyl 674 mg 

Retentate - second hour Permeate - third hour 

Volume 9.9 L 
Diacetyl concentration 
2084 mg L-1 

Volume 0.05 L 
Diacetyl concentration 
1 3 1 30 mg L-1 

Total d iacetyl 20633 mg Total d iacetyl 656 mg 

Process continued unt i l  the 
cumulative amount of 

permeate is 1 L ( 1 0% of 
in itial feed) 

Figure G- I :  Mass balance for concentration of diacetyl using pervaporation, with a total 
permeate flow rate of 0.05 L h-I and an enrichment factor of 6.3 for diacetyl. Example 
calculations are given on the following page. 
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Example calculations 

First hour: Permeate 

Retentate 

Second hour: Permeate 

Retentate 

Mass balance for concentration of d iacetyl 

Volume = 0.5% x 1 0  L 
= 0.05 L 

Diacetyl concentration = 6.3 x 2200 mg L- 1 

= 1 3 860 mg L- 1 

Total diacetyl = 1 3  860 mg L - I  x 0.05 L 
= 693 mg 

Volume = 1 0  L - 0.05 L 
= 9.95 L 

Total diacetyl = 22 000 mg - 1 3  860 mg 
= 2 1 307 mg 

Diacetyl concentration = 2 1  307 mg / 9 .95 L 
= 2 1 4 1  mg L- 1 

Volume = 0.5% x 1 0  L 
= 0.05 L 

(cumulat ive volume = 0.05 L + 0.05 L 
= I L) 

Diacetyl concentration = 6.3 x 2 1 4 1  mg L- 1 

= 1 3 49 1  mg L- 1 

Total diacetyl = 1 3  49 1 mg L - I  x 0.05 L 
= 674 mg 

Volume = 9.95 L - 0.05 L 
= 9.9 L 

Total diacetyl = 2 1  307 mg - 674 mg 
= 20 633 mg 

Diacetyl concentration = 20 633 mg / 9.9 L 
= 2084 mg L- 1 

Continuing in the same manner, Figure G-2 shows how the total starter disti l late 

volume distributes between the retentate and cumulat ive permeate over t ime, and 

Figure G-3 shows how the diacetyl distributes between the retentate and 

cumulat ive permeate. Hence, the diacetyl concentration In the permeate and 

retentate changes with t ime as shown by Figure G-4. 
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Appendix G 
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Figure G-2: Calculated change in retentate and cumulative permeate volumes over time 
(total volume of starter distillate = 10 L). 
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Figure G-3: Calculated mass of diacetyl in retentate and cumulative permeate over time 
( total mass of diacetyl in system = 22 000 mg). 
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Figure G-4: Calculated change in diacetyl concentration over time, in retentate and 
cumulative permeate ( initial feed concentration = 2200 mg L - I ) . 

After 20 hours, 1 0% of the total feed volume has permeated through the 

membrane ( Figure G-2) .  At this point,  the calcu l ated diacetyl concentrat ions in 

the permeate and retentate are 1 0 800 mg L- 1 and 1 200 mg L- 1 respectively 

(Figure G-4). 
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Appendix H 

Arrhen ius plots of mass transfer coefficients 

Figures H- ] and H-2 show the relationship between effect ive mass transfer 

coefficients and the feed temperature, for the PDMS Type 2 and POMS 

membranes respect ively .  
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Figure H-1 :  Arrhenius plots of (a )  ketone, (b )  acid and (c)  ester effective mass transfer 
coefficients, using the PDMS Type 2 membrane. Data points are means (± standard errors) 
of 3-12  measurements at each temperature. 
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Arrhen ius p lots of mass transfer coeff ic ients 
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Append ix I 

Calcu lation of heat of sorption for diacetyl i n  
PDMS 

Vankelecom et al . ( 1 997) reported the sorption o f  pure diacetyl i n  PDMS to  be 

approximately 0.025 mL g- l at 57°C. They also reported that its sorption 

i ncreased by approximate ly  0.005 mL g- l K- 1 between 4°C and src, calculated 

using the fol lowing equation (Vankelecom et al . ,  1 997) :  

5S7 - 54 Temperature dependency = --"-'---'-
54 x !1T 

( I -I )  

where 557 and 54 are the sorption capaci ties at src and 4°C respect ively, and !1T 

i s  the temperature difference between 4°C and 57°C. 

As Vankelecom et al . ( 1 997) did not report the sorption capacity at 4°C, this was 

estimated as 0.020 mL g- l , using Equation ( 1- 1 ) . Convert ing to a molar basis ,  the 

sorption capacity was 2.25 X 1 0-4 mol g- l and 2.85 x 1 0-4 mol g- l at 4°C and 

src respectively. These values were substi tu ted in the Arrhenius-type equation: 

(1-2) 

The result ing equat ions (one at each temperature) were sol ved s imul taneously for 

!1lis, to obtain a heat of sorption of 3380 J mol- 1 for diacetyl i n  PDMS .  
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