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Abstract

This study explores the potential o$ing different types ofpoly(ether block amide)
(PEBA) membranes for recovering aroma compounds from dairy solutions and concentration
of dairy products bynembrane processes

Theselective recovery of eight aroma compounds from their binary and multcenp
agueous solutions by pervaporation using PEBA 2533 memimasstudiedThis membane
was proved to be effective foecovering not only hydrophobic aroma compounds but also
hydrophilic ones, which were not easy to be enrichedtbgrorganophilicPV membranes
The effects of feed concentratiomé temperaturen aroma recovery were also investigated.

In addition, the coupling effect among aroma species was found to be significant in
multicomponent aroma system, even if the aroma concentratioesdmfere low.

The performance of PEBA 2533 for recovering aromas by batch pervaporation was
evaluated, and the experimental data were analyzed with a batch pervaporation model. The
maximum amounts of almost pure aroma compounds obtained in the pedudéagethe
process wrepredicted. The effects of initial feed amount and membrane area mttwery
of aroma compourgdfrom their agueous feed solutiowere also simulatedand a large
membrane areand/or a small initial amouwf feed solutiorwere found to be favorable to for
a good aroma recovery.

Four nonvolatile dairy components, thatNaCl, lactose, whey protein and milk fat, were
confirmed to influence the recovery of aroma compounds from their aqueous solutions. It was
found that the permeatn of hydrophobic aroma could be enhanced by the presence of NaCl

in the feedput reducedy the presence of lactose, protaand fat inthefeed



PEBA 1074 membrane for pervaporative concentration of dairy solutions was
investigated by comparing the rfmmance of PEBA 1074 with that of representative
ultrafiltration, nanofiltration and reverse osmosis membranes. The PEBA 1074 membran
showed a high water permeararel a low flux decline with time during the operations. A high
milk solid retention (almst 100%) was obtained, and the membrane was easily cléidmed.
effects of feed solid content and transmembrane pressure on membrane filtrations were
revealed using the resistariceseries model. Ata higher feed solid content and
transmembrane pressutiee resistance of membrane fouling was higher, which lead to a more

rapid flux decline.
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Chapter 1

l ntroducti on

1.1 Background

Over the past fewlecadesa considerably large number of aroma compounds in dairy
products have been idenéfl. Parliament and McGorrf2000)and McGorrin(2001) provided
a comprehensive review on the most potent aroma components in milk, cream, butter, cheese
and other cultured dairy products. Recently, the recovery of aroma compounds from dairy
products hastaacted significant attention. During the processing of dairy products, some
volatile aroma compounds may be lost due to evaporation or thermal degradation. Even a small
loss of the aroma compounds may significantly affect the sensory quality of thectgsrodu
Nowadays, artificiaflavors can no longer satisfy the needs of consumers who are gradually
shifting away from artificiaflavors, and naturallpccurringflavorsare becoming increasingly
popular. This is especially true for dairy aromas becausedtry difficult to produce authentic
flavors artificially due to the complex profile of the compounds involved. Thus, the extraction
and recovery of aroma compounds from natural sourcesaasring ingredients are of
particular interest to the food, phaaceutical and cosmetic industries.

Traditionally, aroma compounds are concentrated by solvent extraction, distillation,
partial condensation, and gas strippi{@daudot and Marin, 1997; Karlsson and Tragardh,
1997) Thermal processes that involve phase changes (e.g. evaporation and condensation) are
often unsatisfactory for recovering he&nsitive aroma compounds even at moderately high
temperatues. Solvent extraction, on the other hand, requires the use of extracting agent, which

needs to be removed from the extract subsequeXithyna extraction with liquid solvents is



uncommon for food processing, and supercritical fluids may be used ubtiess is costly
and other undesired components (for example, fat) are often extracted along \aitbntiae
compounds. Gas stripping is generally ineffectiveréaoveryof aroma with low volatilities.
Pervaporation, a relatively new separation process aktracted attention as an alternative to
the conventionalaromarecovery technologies. Pervaporation separation is a membrane
processn which thecomponents in a liquid mixture pass through a membrane selectively to
produce a vaporous stream on the dstream side of the membrane, and the permeate vapor
can be condensed and collectedadisjuid. For aromacompoundsecoveryfrom aqueous
solutions, organophilic membranes should be used, araldheacompounds will permeate
through the membrane prefetiatly over water, resulting inraaromaenriched permeate.
Comparing to the traditional aroma compound recovery methasagoration has the
following major advantages:

(1) No additives are needed, and thus there is no secondary contamination totecéspro
recovered (which can be regarded as natural products)

(2) It can operate at ambient or moderate temperatures, a feature that is particularly
important to prevent thermal degradatioraocdmacompounds

(3) Only the permeate, which is a small fraotif the feed, undergoes phase change, and
thus the energy consumption of the process is relatively low

(4) With current organophilic membranes, many hydrophabitna compounds can be
enriched in the permeate an extenbeyond their solubility limitsand consequently a much
higher purity may be achieved in the organic phase upon phase separation of the permeate.

In spite of a great deal of research on pervaporatioartonarecovery, industriakcale

units for this application are still lacking, paity because the sensory profiles of the permeate



have not been well studied and little is known about the-terrg membrane performance.
Another concern ishatif the feed solution contains more than @remacompound, it is
possible for the compounds interactwith each otheduring pervaporatioriKarlsson and
Tragardh, 1993; Kedem, 1989Jhe situation becomasore complex if the feed mixture
contains other components apart frammacompounds and water. For instance, most dairy
products contain fat, proteitactose andsalts. These notvolatile componentasuallydo not
pass through pervaporation membranast they may nevertheless interact withroma
compounds and att thepervaporation behaviosf aromas Most researchers use binary
aromawater solutions to study the pervaporation process without any complicating ,factors
but the permeation performanceith real dairy solutionglo not always matckhe results
obtainedwith model feed¢Kanani et al., 2003; Souchon et al., 2002j)ereforethe research
onpervaporative recovery of aromas usingre complex feed systensof particular interest.

Concentratiorof dairy solutions is alsa necessarstep in producing most dairy products
in the industry. It is of particular importance faroducing milk powder or protein (or other
nutritional components) enriched products, extending product shelf life, and redleing
weight or volume duringpackagng and transportation Currently, evaporation freeze
concentratiomndmembane concentration (especially reverse asg)arehethreecommon
methoddor the removal of water in the dairy industowever, they have some weaknesses
such ashigh energyconsumption, possibldegradation ohutritious components (such as
proteins and vitamins) and aroma compouddsang thermal treatmentsnd flux decline
induced by nremlrane fouling in membrane processes. Pervaporation could be an alternative
to those trditional methods considegnits low energy consumptiomeadily achievable

operating conditionand its great anfiouling property.



Poly(ether block amide) (PEBA) is a family of copolymers, consisting of polyamide hard
segments and polyether soft segrseimt the polymer chains. é8ause of their gphasic
microstructure, the copolymer®ften offer many properties that are not readily available in
either constituent polymealone PEBA not only ha favorablethermal and mechanical
stabilitiesbut also gooathemical resistance to acid, basic and organic solvemntshe one
hand, certairPEBA polymers in general exhilgpbod permselectivity fohigh-boiling point
aroma (ncluding many dairyaromacompounds)andis also found to be more selective to
waterbasedaromacompounds thapoly(dimethyl siloxanefPDMS) andpoly(octhylmethyl
siloxane)(POMS). Therefore, a more balanced dairgmaprofile in pervaporation permeate
could be produced by usingpme PEBA membranesOn the other hand, some PEBA
membranesnay have good water affinity due to its high content of hydrophilic polyamide
segmentsPEBA 2533was chosen in this study asnembrane material becauseomprises
of 80 wt.% poly(tetramethylene oxide) as the rubbery domalREBA membranes with a
higher polyether content tend to have better organic selec{Djgbbar et al., 1998PEBA
1074 was selected to concentrate dairy solutions by removing water from the steam. It contains
55 wt.% polyamide crystalline domains, which accounts for the good hydrophilicity of this

membrane.

1.2 Research objectives
The aim of this studyvasto invedigate pervaporation as method of (Lrecovering
aromacompoundsrom dairy solutionsand (2) concentrating dairy solutiongsing PEBA

membranesThe specific objectives of this projestere:



(1) To determine the effegbf operatingconditions (i.e.feed aromaconcentration and
feed temperature) on the pervaporation of eacimacompound in binararomawater feed
solutiors;

(2) To compare the pervaporation behavioregresentativeromacompoung in their
binary (aromawater) feed solutions andnulticomponent rultiple aromaswater) feed
solutions To identify whether thergvere coupling interactios between permeating species
and the effects of operatj conditions (i.e. feedromaconcentration and feed temperature) on
thecoupling effecs,

(3) To monitor the pervaporation behaviorafoma asa function of timeduring batch
pervaporation

(4) To identify the effed of nonvolatile componentse(g, protein, fat, sugar, salts) in
feed solutios on pervaporatre recoveryof dairyaroma,

(5) To investigate the potential of pervaporation for concentrating dairy products by
removing water and compare its separation performance with ultrafiltration, nanofiltration and

reverse osmosis membrane operations.

1.3 Thesis structure

Thisthesisconsists okevenchapters and they are organized as follows:

Chapter 1 presents the background of this study, incluatingverview ofthe research
that has been done in the field, and additional work that shoulivbestigatedurther. The
research objectives of thisusty arealso presented

Chapter 2 provides hterature review It introducesthe aims of aroma recovery and
concentration of dairy products, and the recent developments of related technologies.

Pervaporation, as a promising alternative to tradition&nigcies, was thoroughly reviewed.



The mechanism of mass transport, the membranes that casedben pervaporationfor
recovering aromas and concentrating dairy prodactdsome factors that may influence the
separation performancevebeen discussed.
In Chapter 3the experimental results of pervaporation with bimagdel aromavater
feed solutions and multicomponearomawaterfeed solutionsising PEBA 2533 membrane
were presented he effects of feed aroma concentration and temperature on pemrf&atio
permeability and enrichment factor were studied. In addition, the competitive permeation
relationships among the aroma compounds in the multicomponent system were evaluated.
The recoverypf aromaas a function of time in batch pervaporatiogingbinaryaroma
water feed solutionswas studdd n Chapter4. The profiles of permeation fluxes, feed
concentrations and accumulated masses of the permeate stream enriched in aroma compounds
as a function of operating time were determined calculated baseadthematic models. The
influences of initial feed amount and membrane area on the recovery of aromas were also
investigated.

Chapter 5 presents the effects of +wafatile components, (e.g., NgClactose, whey

protein and milk fat), on the recovery sbana compounds by pervaporation. The relationship
between the hydrophobicity of aromas and the aroma permeation fluxes were determined. The
fouling behavior of the PEBA membrane was also studied.

Chapter6 provides a comparison of the performance of ultrafion, nanofiltration, and
reverse osmosis with that of pervaporative concentration of dairy products. The permeation
flux and solid retention of dairy solutions were determined, and the flux decline due to
concentration polarization and membrane foglivas well studied based on resistaimee

series model. The ariuling and flux recovery capability of these membranes were evaluated



by cyclic operation of membrane permeation and foudahte ani ng. What 6s mor e
temperature and nevolatile dairy components on the concentration performance of
pervaporation were evaluated.

Chapter 7 summarizes thergeral conclusions and original contributions of this research
andfuture workfor further studies was recommend€&tgure 1.1 illustrates the organization

of this thesis
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Chapter 2

Liter agwireew R

2.1 Introduction

The recovery of aromas from dairy productd #meir uses as natural flavors in cosmetic
or food industries are attracting more and more attention due to their safe and customer
favorable properties, and thereaisignificant market out there. However, this area has not
been well explored and develed, and development of effective techniques is of great interest
from both a research and application standpoints. Dehydration andnt@tion of dairy
compounds ianother important step of producing certain dairy products. Traditional methods,
such asvaporation or freeze concentration, have been well developed and used for several
decades. However, there are some disadvantages with these methods, e.g., high energy
consumption, degradation of dairy components, and low efficiency in treating dainctgod
of high concentration and high viscosity. Therefore, processes that are moreedfieigy,
capable of maintaining the integrity of ingredients andifda to treat dairy products athigh
solid content are needed.

Pervaporation, a promising menane separation method, hgained more and more
attention in the areas of organic compound recovery from aqueous solutions and dehydration
of organic solvents due to its high selectivity to certain species and low energy consumption.
However, research wk on pervaporation in treating dairy products is very limited,
presumably due to the complex ingredients in dairy and the high viscosity of Idailhys
chapter, an overview of daigromachemistry aroma recovery techniques, and the method
of concentating dairy products afggresentedThe principles of pervaporation and the current

status of pervaporation membranesdmymarecovery are reviewed
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2.2 Mass transport mechanism of pervaporation

The usefulness of pervaporation for separation of liquidurest was recognized the
mid-1930s(Farber, 1935)However, it was not until the 198@satthe first industrialscale
pervaporation planwas commercialized for dehydration of ethanol when amposite
membrane comprising of a thin layer of crtis&ed poly(vinyl alcohol) supported on a porous
polyacrylonitrile substrate was developed. This remains the primary industrial application of
pervaporation today. The first reported work on pervapardtinextraction and concentration
of volatile aroma compounds may be attributed to Voidewl. (1990)who investigatedhe
recovery of volatile aroma compoundsddtene3-ol and 2,5dimethylpyrazine) from water,
although it was strictly speaking not a pervaporation process because a microporous
polypropylene membrane (pore diameter 0.2 um, porosity 50%) was used and the aroma
recoverywas reallybased on air stripping via the microporous membrane. They later used
vacuum pervporation through noporous PDMS membranes and zedliled PDMS
membranes, and the model aromas tested were expanded to include ethyl ethanoate, ethyl
butanoate, and ethyl hexanoéteamer and Voilley, 1991; Voilley et al., 1989pWey et al.,

1990) The vacuum pervaporation with nonporous membranes was shown to be more efficient
than the membranreased air stripping process.

Pervaporations different from other membrane processes in that there is a phase change
involved. The permeate leaving the membrane is in a vaporous state. Because of the nonporous
structure of the membrane, the permeation flux is generally low. This makes pervaporation
useful for certain niche applications where conventional separation processes are ineffective
or the pemeate products are highly valadded. It is not particularly suitable for

circumstances where a high permeate throughput is required. As only draptalh of the
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feed that has permeated through the membrane undergoes a phase change from liquid to vapor,
the energy needed for the vaporization of the permeate is generally not a significant issue.
From an energy consumption point of view, pervaporasoespecially advantageous when

the concentration of the preferentially permeating species in the feed is low, which is the case
for recovery oiromacompounds from dilute feed solutioaisd removing water from products

with high content of nowater ingedients In practice, the heat required for the vaporization

of permeate during the course of permeation can simply be provided by the feed liquid in the
form of sensible heat, and no heat supply directly to the membradeleis needed.

Thefundamentaknowledge of pervaporation and some critical aspects in pervaporation
process on dairgromarecovery will be covered in the following sections.

In pervaporation, the liquid mixture to be separated (feed) is placed in contact with a
membrane and the perated product (permeate) is removed at a low pressure from the other
side. The permeate vapor can be condensed and collected asUigjikd. reverse osmosis,
mass transport in pervaporation is not limited by the osmotic pressure of the feed, and the
driving force for mass transfer through the membrane is provided by lowering the chemical
potential of the permeate stream on the downstream witieh is normally achievety
applying a vacuum pump on the permeate side to maintain a permeate vapor pre&sure lo
than the saturated vapor pressure of the {&adcia et al., 2008; She and Hwang, 2006a;
Trifunovic and Tragardh, 2005k industrial applications, the vacuum on the permeate side
may also be partially generated by condensation of the permeate vapor. Alternttimely,
driving force may be created by using a purge gas on the permeate side, and the permeate
stream is subjected to an additional processing step (e.g., partial condensation) to order

separate the membrane permeated species from the sweeping gas. Yaotapuaration is
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the most widely utilized mode of operation, while the purge gas pervaporation is of interest
when the permeate can be discharged without condensation (e.g., solvent dehydration with
highly waterselective membranes). For papoerative recovery of aromacompoundsand
concentration of dairy produgtgacuum pervaporation is more appropriate.

Unlike ultrafiltration or microfiltration where the separation is primarily based on size
sieving of the permeating species, pervaporation separsatjmverned by the chemical nature
of the macromolecules that form the membrane, the physical structure of the membrane, the
physicochemical properties of the components in the feed, and the pepasaraint and
permeanimembrane interactions. This is wagomacompounds, which are bigger molecules
than water, may still permeate throughaganophilic membrane preferentially to become
enriched in the permeate, in spite of their relatively low mobility or diffusivit@@gmmembrane.

A good affinity betweerthe membrane and the preferably permeating species is favorable to
the separation. In fact, this is the basis of using organophilic membranes for perueatiag
compounds in pervaporativecoveryof aromacompoundsnd using hydrophilic membranes

for permeating water in concentrating dairies. However, some components may cause
membranewelling whichtends to make the membrane more permeable to all components in
the feed, compromisingétselectivity of the membrane. In application point of vieweessive
swelling of membrane should be constricted.

The mechanism of mass transport in pervaporation with nonporous membranes can be
describedby the solutiordiffusion model. It was originally proposed IBraham(1866)to
describe gas permeation through polymer membranes, and then adopted by 8irghing
(Binning et al., 19610 describe pervaporation transport. According to this mechanism,

pervaporative transport through a qaorous membrane csists of three sequential steps:
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(1) Sorption of t he per meant from the Il i qui
feed/ membrane interface

(2 Di ffusion of the sorbed molecules in the n

(3 Desorption of the per meant mo | eaxud esn ftr loen
downstream si de.

This is shown schematically igure2.1. Both the sorption and desorption steps are generally

considered to be very fast and equilibria are established instantaneously on both sides of the

membrane.Unlike the sorption step where selective sorption may occur due to specific

affinities of the membrane to certain components in the feed (i.e., prefesampéibn), the

desorption stefs nonselective and all permeating molecules are removed fromeh&nane

upon arrival at the downstream sidgideming, 1990)

Feed Permeate
- o (=
o
o - )
. )
S Sorption (-
o —— Oy
i‘\“‘“\ s n o
- 10
o o \%‘“‘%\M\ Desot?}lf"":?e
¢ , 2 o
2 ) ) &
o ° =
"
¢ -
° -
_Membrane thickness

@ - Preferentially permeable component

® - Less permeable component

Figure 2.1 lllustration of solution -diffusion model for mass transport in pervaporation.
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In general, both solubility and diffusivity of the permeant in the membrane are
concentration dependent. A number of matherahtquations for mass transport have been
formul ated on the basis of Fickods diffusion
concentration dependence of the solubility and/or diffusivity. However, caution should be
exercised in using the equats as they are valid only within the established range for which
the relationships for diffusion and thermodynamic equilibrium are applicable. As an
approximation, when the solubility and diffusivity coefficients can be treated as constant, the
permeabity coefficient of the membrane can be related to the solubility and diffusivity

coefficients by(Feng and Huang, 1997; Shaod Huang, 2007)
0 "YO (2.

whereP;, S andD; are the permeability, solubility and diffusivity coefficients of permeating
species, respectively. The permeability is artrinsic property of the membrane material

relation to thgpermeant propertieand it is related to the permeation flux by

Q‘l CA

oT &R on (2.

wherery and’ are the saturated vapor pressure and activity coefficient of the permeating
componentsn the feed liquid, respectively, is the permeate pressuteis the effective
thickness of the membran¢andY are the concentrations of the permeant (in mole fractions)
in the feed and permeate, respectivélis the permeation fluxyhich is he permeatiorrate

of the permeant per umtembrane area

O Gjd (2.
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Equation (2.2) is derived for pervaporation in analog to gas permeation through a
membrane, assuming an equivalent partial pressure differérce ®n across the

membrane as theriving force for permeatioriThe quantity 0 j &, which is the membrane

permeability normalized by the membrane thickness, is called permeance of the membrane. It

is equal to the permeation flux norimad by the transmembrane driving force. Unlike

permeability coefficient;, which is a property of the membrane material, the permeance

0j & is a property of the membrane as the membrane thickness comes into play. Thus, the

membrane permeancemore relevant for practical applications, especially when asymmetric
or composite membranes, whose effective thicknesses are often difficult to determine
accurately, are used for increased permeation fluxes.

The permselectivity of a membrane to a pap@imeating speciesndj can be measured

by their permeability ratio (or permeance ratio):

0 2
6 5 ( .
The actual degree of separation can be measured by the separation factor, defined as:

&6 ,
Ry (2.

Obviously, the permeate composition is determined byrdhative permeation rates of

the permeants, thati€ 0F 0 0 and® UFX 0 U .When the permeate pressure

is negligibly low as compared to the vapor pressure on the feed side, the separation factor can

berelated with the permselectivity by

'

i
o 2.
5 (

'
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Equation(2.6) reveals that the separation factor is determined by three parameters. The

first parameten ( ) is the membrane pmselectivity, an intrinsic permeability property of the

membrane material. The second paramétdrr is the ratio of activity coefficiestof
permeating specian the feed liquid, which is a thermodynamic property of the feed solution
detemined by the excess Gibbs energy of the feed liquid. The activity coefficient ratio is
affected by the liquid composition and temperature; however, if the feed liquid behaves as an
ideal solution (which is uncommon for most pervaporation applications, tie second
parameter will become unity. The third parametgr reflects the effect of saturated
vapor pressure of pure permeant on the separation performance. Generally speaking, all the
three parameters are affected by the operating temperature. Eq@d)are(nonstrates how
the membrae, the nature of the permeants, and more explicitly the operating conditions
(composition and temperature) affect the separation.

For pervaporativeecoveryof aromacompounds from aqueouslstions, the extent of
the enrichment ciromacompoungin pernmeate icommonly characterized by an enrichment

factor { ). It is simply defined as a ratio of téomaconcentration in the permeatd)(to the

aromaconcentration in the feedy(),

I © 2
% (2.
When thearomaconcentration in the feed liquid is considerably lawl( p) and a hjh

vacuum is applied on the permeate gigle© 1), the enrichment factor can be related to the

separation factor by
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(2.

whereX is thearomamol fraction in the feed andis the separation factor faromawater;
for convenience thesubscripts are removed. Equati@®8) shows the following features: (1)
when the feedaromaconcentrationX is sufficiently low that ¢ p, then andf will be
equal numerically, and (2) when the separation factor is sufficiently high tfiat p, the
enrichment factor will approach an upper limit that is equapiao .

For water removal to concentrate dairy products by pervaporation, the membrane
selectivity to water can be characterized by its retention to sgljdd{(ssolved or suspende

in the feed solution:

, o)

Yoz (2.
where0 is the solid content in the permeateis the solid content in the feed.

In pervaporation, the effect of operating temperature on the separation performance is
oftenmeasued bytemperature dependence of permeation flux, which can usually be described
by an Arrhenius type of correlation:

0O
0 0 A QDV"Y (2.
whereE; is theapparenactivation energy for permeation of componediis a preexponential
factor,Ris the universal gas constant, ahts the temperature. It should be pointed out that
the apparent activation energy measuresoteralleffects of temperature on the permeation
flux, which has accounted for the effect of temperature on théngrforce. As mentioned

above, the activity coefficient and the saturated vapor pressure are affected by temperature as

well. The apparent activation energy is not a true representation of the activation energy for
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permeation in the embrane. The activain energyep that characterizes the temperature effect

on the intrinsic permeability of the membrane should be distinguished from the apparent
activation energ¥;. As mentioned earlier, the permeability coefficigPtié a product of the
diffusivity (D) and solubility § coefficients (Equatior2.1). BothD and S are normally

dependent on temperature andrtiemperature dependenciean be expressed as

0
’ ' — 2.
O O A@bD Ny (
YO
oo (3% 2 .
Y “YA@D Ny (

whereEp a n Hsaye the activation energy diffusionand the enthalpy changédissolution
of the permeant in the membrane, respectively CaahdS are their preexponential factors.

As such, the following relation results:

- - (0]
; ; 2.
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whereEp is the activation energy giermeation, \wich is a combination of the activation
energy of diffusion and the enthalpy chandelissolution of the permeant in the membrane
(i.,e.,Ep=Ep+ H) andPois the preexponential factor for the permeability coeffici®t

Do &). Rearranging Equation&.2) and 2.13),
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Thus, the activation energ can be evaluated from the temperature dependence of membrane

permeance— (which is equal to the permeation flux normalized by the driving force for

permeatn). Plotting In— vs 1/T will yield a straight line with a slope from which tecan
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be determined. On the other hand, since the permeate pressure in pervaporation is generally
low, the driving force for permeation is largely determinedh&yequilibrium vapor pressure.

As a first approximation, if the saturated vapor presquif® ¢6f a liquid follows the Clausius
Clapeyron equation and the temperature dependence of activity coefficient of the permeant is
insignificant, then the activatioenergyEp will be equal to the apparent activation energy

minus the heat of evaporation of the permeant (Feng and Huang, 1997):
O ©O YO OH P

where R is the heat of evaporation of the permeant. Because evaluating the apparent

activation energy,; from the Id vs 1/T data is much simpler than evaluating the activation
energy for permeatiorier from the In— vs 1/T data, especially when the permeate pressure is

not accurately known, a simple yet useful approach of estimagimngyto subtract the heat of

evaporation’O from the apparent activation enef@y This also explicitly shows how the

enthalpy change due to the phase change in pervaporation influences the permeation behavior.
For pervaporativeecoveryof aromacompounds, the separation performance is often

measured in terms of permeation flux and separation factar¢mnaenrichmentfactor),

which have accounted for the effects of operating conditions (feed composition and

temperature) on the separation.

2.3 Dairy aroma compounds

Dairy aromacompositiorhas beeistudied for decadeé number of volatile compounds
are identified asromacontributors to various dairy products including milk, cultudeary

product, and chees&his section provides a brief summary of magsomacompounds
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associated with raw milk, butter, buttermilk, yogurt, and different types of chddssskey
aromacompounds are summarizedTliable2.1.

Milk

Thearomais an important attributef milk because it impacts consunpeference and
acceptancedigh-quality fresh milk provides a bland but distinctaemawith anenjoyable
mouthfeel. The blandaromaof milk is attributedto the mixture of multiple aroma compounds
at their threshold concentratiofSlursten, 1997)As a beverage, milk is consumed after
pasteurization, during which prasheagenerated compounds miag formed and can alter
the original milk aroma profile Under mildpasteuriation condiions, thearomaof raw milk
remainsthe sameHowever, hightemperature pasteurization can produce a coeketha
along with ketondik e tastgParliment and McGorrin, 2000)

Butter

Butter is produced by isolating butter fat frameam omilk. Fresh swet cream is the
major source obutter production in th&JSA (Parliment and McGorrin, 2000fresh sweet
cream butter has similar characteristic to milk fat, whigiré$erableand lacks culturedroma
Diacetyl,U-decalactone, buytic acid, and @-Ci2 lactones are importaocbntributorso butter
aroma (Nursten, 1997) Major aroma constituens of heated butter come from lactones,
unsaturated aldehydes and ketofierliment and McGorrin, 2000)

Buttermilk

Buttermilk is produced by lactic acid bacteria based fermentation of skim milk or whole
milk, or as abyproductof butter manufacturelhe aroma of freshwgeet cream buttermilk is

sweet and butteryn contrast to fresh buttermilk, stored buttermilk has (2,8)nonadi@ol

20



as the majoaromacontributor along with increased potency in other aromas already known
in fresh butter milkNursten, 1997)

Yogurt

Yogurt aromais characterized as delicate andt intense.The preparation oyogurt
involves culturing ofStreptococcushermophilesand Lactobacillus bulgaricusn milk. Its
aromais attributed to both the exisg volatile compounds in milk and consequegtabolites
produced by lactic acid bacte(l@outray and Nshra, 2011)Numerous aroma compounds are
found in yogurtlt was reported that the carbonyl compounds (including ethyl butanoate, ethyl
hexanoate, diacetyl, acetone, anbleptanoate) are mainly responsible poeferablearoma
flavors inyogurt(Cheng, 201Q)

Cheese

The consumption of cheese can date back tbélgeaningof human historyNowadays,
it has been estimated that thousands of cheesedygasailable all over the worlihearoma
of cheese comes from the interactiorirafculatingbacteria, enzymes from milk and rennet,
associating lipases, and the secondary flbina. starting culture, processing of the cheese, and
the secondary floraadine the cheese variefyrbach, 1997)

Camembert cheesa type of French chegdecharacteried with soft and buttery texture
and a saltyutter tastelts major aroma contributors include @tanedoine,-8nethylbutanol,
methional, 1octen3-one, tocten3-ol, 2-undecanoneii-decalactone, butyric, and hexanoic
acids (McGorrin, 2001)

Goat cheese isftenrecognized with a strong typicatoma which comes from the lipid

fraction. An analysis othe aroma compounds in goat cheese shothetl thepotentaroma
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flavors are branched fatty acids, while butanbexanoic, octanoic, nonanoic, and decanoic
acids are less abunddhitrbach, 1997)

Cheddar chese tastes sweet, buttery, and wallike. In its aromacomposition, the most
potent volatile compounds arebZtanone, 2 dutanedione, ethyl butanoate, antiy@iroxy
2-butanondParliment and McGorrin, 2000} wasfound that lipid derived aldehydes, methyl

ketones, and esters are the major aroma bearers.
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Table 2.1 Key aroma compounds in dairy products.

Dairy ProCompounds Re f .

Mi | k
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Butter
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butter indol-edgdd@&phaot one Mc Go r2r0i 0n0,)
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22heptanone, et hyl but anoat e, eotemytla Mc Gorri n, 2000;
ethyl acetate, acetic acid Mi shra, 2011)

Cheese

Ca me mtheerets

Goat chee
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2.4 Traditional methods of aroma compounds recovery

During industrial processing of dairy products, a large numbarashacompoundsnay
be lost through evaporation degradatiordue tothe high operating temperaturtessed Heat
treatment however, is inevitable sinceaw milk has to be pasteurizetefore it is used to
produce other dairy product$he changes in tharomacompositionare in many cases
unwarted In order to minimize or avoid such changes and logssasy techniques aepplied

in industry or in lab scal@.he following are four most commonly useetthods

2.4.1 Distillation or evaporation

Distillation or evaporation is a dominant aronegovery method in food industry. Feed
componentgan beseparated based on their relative vokai. If one component is much
more volatile than the others, then the volatile component wilehsily separated using
distillation (Karlsson and Tragardh, 199 other words, good candi@atfor aromaecovery
by distillation ardood products in which bthe important aromeompounds are more volatile
than water, and k& similar vottiles to each otheHowever, dairy products have a very
complexaromacompound profile. Some importaatomacompounds, such as acetic acid
(Thujssen, 197Q)are similarto or less volatile than water, so it is hard to recover them from
waterby distillationonly.

Distillation has the advdage of being a welkstablishe@ndwell-understood technique.
Its major limitations are thermal damage dmgh energyconsumptionin the food industry,
high temperatures may damage aremidnethermal damage can be avoided by carrying out

distillation or evaporatiorat a reduced pressure, which enables the mixture to boil at a lower
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temperaturgtypically in the range 40200 °C (Karlsson and Tragardh, 199'High energy

inputis needed inthermal process in order providethe laent heat of evaporation

2.4.2 Gas stripping

Gas strippng involves contactingraaroma feed liquid with an inert gas (emjtrogen
or air), so thatthe volatile aromacompounds are transferred from figid feed to the gas
phase Therefore, gas strippings often effective only foraromacompounds with high
volatilities. In gas strippinga good contact between the liquid and the gas is neanedhe
process may be carried out in a packed tobatchsparged aerator or bubble colu(®ibeiro
Jr et al.,, 2004) The gas stipping should be followed by a condenserovking at low
temperaturef order to collectiie aroma vapors from the inert &arlsson and Tragardh,
1997) In practice however,it is difficult to operate condensers at very low terapaes
necessary to condena# the aromas, especially if the partial pressures of the aromas in the
gas strip are low. In such a caaewet scrubbemaybe used for treatment of the vent gases

(Karlsson and Tragardh, 1997)

Gas stpping as an traditional recovery method is oftead in industryalong with
distillation or partial condensatio(Karlsson and Tragardh, 1997Recently, some new
processes combining gas stripping and other recovery methods wess stemli example,
Ribeiro Jr et al (Ribeiro Jr et al., 20049ppliedgas stripping in a bubble coluna extract
estersandthen concentrated treroma by vapo permeatiorusing a PDMS membranin
thdr tests, a multstage condensation system comprihfpur trapsin series was empjed

to collect the permeat@nda recoveryrateas high as 98% asobserved.
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2.4.3 Solvent extraction

Conventional extraction with organic solvents has been widely usegtdweraroma
compounds from natural sourc€xganic slventextradion is advantageousver distillation
whena waterfreearomaextract is neede(Bchultz and Randall, 19703 owever this method
has suchdrawbacks as low selectivity, high energy costs, and possbidueof organic
solvent intheproductwhen theboiling pointof the solvent iglose tathat ofaroma compond
(Schultz and Randall, 1970)hereforethis method is1ot commony usedin food processing

(Karlsson and Tragardh, 1997)

An alternative totraditional solventextractionis membrandased solvent extraction,
which couples solvent extraction with a membraastactorwhere the membraneta@s an
interface between the feed and the solv€omparedo conventionakolventextraction,the
membrane contactors haweany advantageshe censity differencebetween solvent and
aromafeed is no longer necessawhich leadgo a greater choice ablvents.The process is
easy to operate, ana mgitationand mixingareneeded. However, thereasdrawback when
using a membrane because it creates additional resistance that hinders diffusion from one phase
to another, thus slowindownthe separatio(Pierre et al., 2001Jsing ollow fiber modules
can help overcome this problem by offerilagge surface area per volur{lBocquet et al.,

2006)

2.5 Pervaporation as a promising alternative technique for recovery of dairy

aromas

The separation performance of pervaporation for aroma recovery depends on the
following factors: thenature (chemical structure and physicochemical properties) of the aroma

compounds, the properties (material and morphology) ah#trabrane, the feed composition
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andotheroperating conditions, which will be discussed later. Most of the work reportled in t
literature deals with dilute aqueous solutions containing model aroma compounds, mainly
binary waterorganic mixtures and, to a lesser extent, dilute agueous solutions of multiple dairy
aroma components. When multiple aroma compounds are presenfteedhéhe permeation

of one aroma compound may be affected by the presence of the othes drmm@ the
coupling effect among the permeating species caused by the perpeaneant interactions.
However, this effect is often negligible in highly dilutedlutions(Peng and Liu, 2003; She

and Hwarg, 2006b; Shepherd et al., 2002¥most all the aroma compounds have bigger
molecular sizes than water, and the diffusivity aspect involved in pervaporation is unfavorable
to the enrichment of aron@mpoundson the permeate side. Thus, the membranesnied
have a good affinity to the aroma compounds in order to compensate for the unfavorable
diffusivity selectivity. In other words, the solubility aspect involwegervaporation should

be exploited to achieve the desired separation. As such, orgaooptelnbranes are

appropriate for pervaporative recovery of the aroma compounds from aqueous solutions.

2.5.1 Aroma compounds recovery by pervaporation in lab-scale

Amongthe thousands of daigromacompoundsdentified, over 30aromacompounds
have been used foesearch on pervaporativecovery They are listed ifable2.2, along with
their sensory attributes atwbiling points In general, alaromacompoundgresent in dairy
products are atery low concentrationsand thesensoryaromaof a product is given by a
combination of the odors from all the compouniismay be pointed out that theroma
composition can be different, depending on the feedstock of the animal, grazing or silage, and
the processing and storage conditions efdtoducts as welReal dairy solutions often contain

more than onearomacompounds, and their concentration profile determines their overall
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smells and tastes. In addition, proteins, fats and sugars are present in dairy products, and these
substances mayotentially affect the separation performance duthéointeraction between

the substances aadomacompoundsThus, model feed solutions containing single or multiple
aromacompounds are extensively used in pervaporation research.

Based on a literaturesurvey the top 10 most widely usedromacompoundsin
pervaporation research are preseimdeigure2.2. Three ester compounds (i.e., ethyl acetate,
ethyl butanoate and ethyl hexanoate) are on the top of the list, whichsisrposing because
they are also commaaroma in fruit and vegetable juices. This does not mean the esters are
moredominantthan othearoma in dairy products. To getgeneraidea about the magnitude
of enrichment factor that can be achieved by peatpn, the range of selectivity for
pervaporativeecoveryof some dairaromacompounds with currembembranes are presented
in Figure2.3 (Bai et al., 2008, 2007; Baudot et al., 1999; Baudot and Marin, 1999; Baudot and
Matin, 1996; Boddeker et al., 1997; Boweadral., 2003; Djebbar et al., 1998; Dong et al., 2012;
Huang et al., 2002; Isci et al., 2006; Jiraratananon et al., 2002; Kanani et al., 2003; Kujawa et
al., 2015; Lamer et al., 1994; Li et al., 2015; Martinez et al., 2011; Mishima and Nakagawa,
2002; Mohanmadi et al., 2008; Nguyen et al., 2000; Overington et al., 2008; Pereira et al.,
2005, 2002; Raisi and Aroujalian, 2011; Rajagopalan et al., 1994; Rossi et al.,, 2017;
Sampranpiboon et al., 2000a, 2000b; Schafer et al., 2004; She and Hwang, 2006b; Shepherd
et al., 2002; Slater, 1997; Song et al., 2004; Song and Lee, 2005; Tanaka et al., 2010; Tian and
Jiang, 2008; Wu et al., 2012, 2011; Zhu et al., 2005; Zou et al.,.20f@&neral rule of thumb
is thataromacompounds with higher hydrophobicitend to e separated more effectively by

pervaporation using organophilic membrgBaudot and Marin, 1997)
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Table 2.2 Dairy aroma compounds studied for pervaporativerecovery

Aroma compccor mul Odor V'\CZ!ZE;JIBoi
Esters

Met hyl a c e CsHesO: Fragrant 74 57
Et hyl acet CiHgO, Sweet 88 77
Et hyl pr op CHi©: Piamgpllicke 102 99
Et hyl but a CHi 0O Pi nedpkleell6 120
Et hyl hexa CgHi £ Pi nedpkleel 44 228
Et hyl octaCH:6s Fruity 172 207
Propyl aceGCsHi e Fruitlyikpl02 102
Butyl acet CHi 0 Bananal ialpd 1 6 127
Ketones

22Hept anone GHi1© Bandnd&e 114 151
2Nonanone GCH1© Fruity 142 192
Di acet vyl C4H6O2 Buttery 86 8 8
2But anone CiHsO Butt erdsdckoe?7?2 80
3Oct anone GCgHi@ Grassy 128 167
Aci ds

Aceti c aci CHO, Sour, puné6oO 118
But anoi ¢ a CiHgO, Obnoxi ous 88 164
Hexanoic aGCiH & Goaty 116 206
Octanoi c a CgHibn lrritatinlad4 240
Propionic GCsHsO. Slightly 74 141
Heptanoic GHi©O Rancid 130 223
Al cohol s

1-Oc t-Zonl CsH1 © Mus hr-l&kiem 128 8 4
l-hexanol CeH1 © Acoholic 102 155
Al dehydes

Hexanal CeH1 © Green 100 130
Phenyl acet CgHsO Sweet , rol20 195
Acet al de hy CHO Et herial 44 20
3Met hyl but CH1© Gr een, ma 8 6 91
Pent anal CsH1 © Pungent 86 102
Het anal CH. © Obnoxious114 153
Lactones

>Decal act orCiH:1 9 Cocolniuke 170 281
Sul fur c¢comg

Di met hyl t CHsSs Sul fury 126 65
Met hyl thi GCGHi©S Cheds &e 118 142
Aromatic cc

Vanil |l in CgHsO3 Vanial 152 285
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Figure 2.2 Dairy aroma compounds most widely used asnodel compounds in pervaporative
recovery.

Esteraroma are a typical group of hydropholdcomamolecules with relatively small
molecular &es. They are normally fruitflavored. As shown irFFigure 2.3, the membranes
generally have a higher selectivity to the ester molecules tharentimacompounds. Among
all the estemaroma shown, ethyl hexanoate is best com@ed by pervaporation withna
enrichment factor in the range of 28200, depending on the membranes ({Pedeira et al.,
2005; Sampranpiboon et al., 2000&he broad range of selectivity is a result of the different
membrane types and structures and different operating conditions usedpiertaporation
processes. Hydrophobic alcohols (e.ggclen3-ol (Pereira et al., 200p)aldehydes (e.g.,
acetaldehyd@Nu et al., 2012and 3methylbutana{Kanani et al., 2003; Raisi and Aroujalian,
2011) and ketones (e.g.;lZeptanon€Overington et al., 2008and diacety{Rajagopalan et
al., 1994) also have good selectivities in pervaporation.
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Figure 2.3 Ranges of enrichment factor for pervaporative recovery of dairy aroma compound.
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It has bem observed that for a given groupasbmacompounds, tharomacompounds
with greater molecular weights can be better enriched by pervapo(@vemnington et al.,
2008) The boiling points of tharoma are also reported to affect their pervaporative recovery
(Baudot et al., 1999These observations shall not be treated as general trends in pervaporation.
As mentioned above, the performance of peovajive separation is determined by the
membrane permselectivity and the driving force for permeation. Permeating molecules with
bigger sizes tend to have lower mobility when diffusing through the membrane, but they
usually exhibit higher solubility in theembrane. In addition, while biggaromamolecules
often have higher boiling points and thus lower saturated vapor pressures, dilute aqueous
aromasolutions tend to deviates more significantly from ideal solution behavior and their
activity coefficientsin dilute aqueous solutions can be much greater than 1. Because of all
these opposing effects, there is no guarantee that baggeramolecules will be better

pervaporated by the membrane.

2.5.2 Membranes used for pervaporative aroma recovery

In aromarecoveryby pervaporatn, the separation performance is governed by the
membranes used. Pervaporation membranes can be categorized on the basis of structure or
nature of the selective layer of the membrane.

While dense homogeneous membranes are often used ratlatyaesearch, composite
membranes comprising of a thin selective layer supported on a microporous substrate may be
used for practical applications in order to enhance the permeation flux. The membranes may
be in the form of hollow fibers or flat shee#sid as such appropriate module designs should
be used. Hollow fiber modules with either skstle feed or tubside feed are commonly used

configurations. Flat sheet membranes are usually packed asptHtame or spiral wound
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modules. Generally hole fiber modules have a larger membrane packing density than flat
membranes. During manufacturing of flat membranes, the substrate membrane is often cast
onto a nonwoven backing material, which provides additional support to the resulting
composite membran®icroporous substrates are primarily based on poly(vinylidene fluoride)
(PVDF), polyacrylonitrile (PAN), polysulfone (PS) or polyetherimide (PEI) with pore sizes in
the range of ultrafiltration membranes. Hua@l.(2002)have reported that the pore size and
porosity of the substrate, rather than the substrate material itself, also influence the separation
performance, although the top layer is more dominant. When the permeate vapor passes
through a nméroporous substrate, the mass transport resistance can still be significant due to
Knudsen diffusior{Rautenbach and Helmuk994)

Most of the selective surface layers in pervaporation membranes are homogeneous. To
improve the separation performance, hydrophobic fillers may be incorporated into the polymer
matrix, thereby enhancing the sorption selectivity and restrictimgbrane swelling. Zeolites
(Bowen et al., 2003; Vankelecom et al., 19%Mjca(Shirazi et al., 2012)activated carbo(Ji
et al., 1995)and carbon blackPanek ad Konieczny, 2007have beerused as the filler
materials. A survey of current literature shows that PDMS is by far the widsly used
rubbery material for pervaporative recovery of aroma compounds, follow&DMS and
PEBA. These three materials acnbdor about 2/3 of all the membranes used dmyma
recovery by pervaporatio(Figure 2.4). Ethylene propylene diene monomer (EPD&f)d
ethylene vinyl acetate copolymer (EVA) are also used to a lesser extent. The chemical

structues ofPDMS, POMS and PEBAre shown irFigure2.5.
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Figure 2.4 Organophilic membranes used for pervaporativeecovery of dairy aroma compounds.
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Figure 2.5 Structures of PDMS (Borjesson et al., 1996)POMS (Trifunovic and Tragardh, 2006)
and PEBA (Mandal and Bhattacharya, 2006)polymers.
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Poly (dimethyl siloxane) (PDMS)

Poly(dimethyl siloxane) (PDMS)s3f t en ref erred to as fisilico
mechanical and chemical properties, and can be usabricate supported or unsupported flat
sheets. It can also be used to produce hollow fibers by coating on suitable hollow fiber
substrates. There is a great deal of research on al@nyarecovery by pervaporation using
PDMS membranes. Flat sheet PDM@&mbranes, either standing alone or suppoltea
substrate, with or without hydrophobic nanofillers, have been investigated extensively.

The PDMS membranes exhibit good selectivity doomaenrichment. For example, a
separation factor of 16P50 can be hieved for the separation of ethyl acetate from water
using homogeneous PDMS filnfBereira et al., ZWb; Slater, 1997When silicalite fillers are
incorporated into the PDMS films, a selectivity from 100 to 1,300 can be ob{@aadot et
al., 1999; Baudot and Marin, 1999; Pereira et al., 2dD&)remontet al.(1995)reported that
the silicalites have a fAreservoiro effect t
membrane performance. Similar results wdreenved by Hennepat al.(1991) who showed
that the exclusion and tortuosity effects arising from zeolite fillers in PDMS membranes
resulted in a decrease in water permeability. This sssalpported by the work of Sla{@997)
who compared the performance of unfiled PDMS 1060 membrane and stiiitidd?DMS
1070 membrane for ethyl acetate separation from water under same operating conditions. At a
feed concentration of 2.03% ethyl aatetand at a temperature of 60 the separation factor
achieved with PDMS 1070 is about Zdd higher than that with PDMS 1060. However, the
enhanced selectivity is at the expense of significantly reduced flux. The experimental data of
Slater(1997) showedthat the permeation flux with PDMS 1070 membrane was only 1/3 of

the flux produced with the unfilled PDMS 1060 membrane. While a simple comparison of the
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fluxes between the two membranes is insufficient to conclude how the membrane permeability
is affectel by the silicalite fillers because of their different thicknesses, an examination of the
differences in the partial fluxes of water eaamdmabetween the two membranes revealed that
the presence of the hydrophobic zeolites in PDMS 1170 not only sigtijicaduced the

water flux, thearomaflux was also reduced.

However, the permselectivity of PDMS membranes are not always increased by
incorporating silicatdillers in the membrane. Baudahd Marin(1999; 1996)nvestigated the
separation of methyl thiobutanoate from water under similar conditions byhatimgnfilled
PDMS 1060 and silicalitéilled PDMS 1070 membranes. Both the selectivity and the partial
permeation flux of th@aromaobtained with PDMS 1070 were found to be 50% lower than
those obtained with PDMS 1060 membrane. Obviously, theotisdicalite fillers is not
advantageous if tharomamolecules are big enough for the zeolite to induce significant
exclusion effect to tharomacompounds.

Poly(octhylmethyl siloxane) (POMS)

Poly(octhylmethyl siloxane) (POMS) is another promising organosixerymer for
pervaporativeecoveryof dairyaroma. Compared to PDMS membranes, POMS membranes
usually exhibit a bettegelectivity, with a similar oloweraromapermeability. Sampranpiboon
et al. (2000b)studied the separation of ethyl butanoate and ethyl hexanoate from aqueous
solutions wusing PDMS and POMS membranes of
membrane showed better permselectivity taatteenacompoundshan PDMS. However, their
aromafluxes appear to be similar. Aaromaenrichment of 11281 was obtained with the
POMS membrane as compared to an enrichment -@347with the PDMS membrane. In

addition, both membranes showed better selectivity for separaf ethyl hexanoate from
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water than ethyl butanoate/water separation. Raisi and Arouj@@i) who studied the
separation of 3nethylbutanal from water using POMS and PDMS membrahesyex that
POMS membrane is more selective to the permeatiomudtBylbutanal and a few other fruit
aroma than the PDMS membrane. They also reported that the coupling effects tatovean
compounds are not negligible when multipiemacompounds arerpsent in the feed solution.

Interestingly, Kananet al.(2003) who also investigated pervaporation separation-of 3
methylbutanal from water using PDMS and POMS membranes, reported an opposite order in
the selectivities of the two membranes for enrichment-ofeghylbutanal. Under the same
operating conditions,-Bethybutanal was enriched in the permeate more significantly with
PDMS membrane than the POMS membrane, and PDMS was reported to give better separation
than POMS for the aldehyde. This, however, cannot be attributed to a higher selectivity of
PDMS membrane beuae the PDMS membrane (thickness 160 um) used was much thicker
than the POMS membrane (5 um). The observed separation performance is determined by the
membrane and boundary layer effect. The mass transfer resistance of the membrane is directly
related tohe membrane thickness. If the liquid boundary layer effect is negligible, the use of
thicker membranes will give a better separation, although theepéon flux will be
compromised The boundary layer effect should be minimized in practice in ordehéor t
membranes to work at their full potential.

Poly(ether block amide) (PEBA)

Poly(ether block amide) (PEBA) is a group of block copolymers comprising of soft
polyether segments and rigid polyamide segments developed by Atofina (now Arnema
A broad ange of physical properties can be acquired by changing the nature or lengths of the

rigid and soft blockg¢Fleshcer, 1986 PEBA represents a group of neiicone organophilic
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membranes for pervaporation. The work on PEBA&mMbranes for dairgromarecovery by
pervaporation is listed ifmable 2.3. Djebbaret al. (1998) prepared and evaluated the
performance of a series of PEBA membraftieiskness ca. 100 um) with different contents of
ether segments. Their applicability for pervaporation was tesitdd three estemaroma,
including ethyl acetate, ethyl propionate and ethyl butanoate. Bo#ndhepermeation flux
and errichment factors werigcreasd with an increase in the content of polyether segments
in the copolymer. However, among the PEBA rbeames tested, the one with the best
performance showed a similar enrichment factor as PDMS membrane (thickness ca. 500 pum)
when the feed was a saturated aqueous solution of ethyl acetate ¥8.4ropionate (2vt.%)
or butyrate (0.6vt.%) at 30 C. Thepermeability of thearoma in the PEBA membranes is
lower than in the PDMS membrane, which is understandable in view of the generally high
diffusivities in PDMS matrix due to the extraordinary flexibility of polymer chains arising
from their siloxane linkges.

PEBA membranes appear to be advantageous over PDMS for the recoverytudilngh
hydrophobicaromacompounds. An enrichment factor up to 1205 has been rep@&aed ot
et al., 1996¥or extracting methyl thiobutanoate (normal boiling point 2@2) from water
using a PEBA 40 membrane (thickness 70 pm). Compared to a silidiePDMS 1070
membrane (thickness 30 um), the partial flux of methyl thiobutanoate through PEBA 40 was
2- to 4-fold higher, while the water flux was still lower. At 3€ and 15 ppm of methyl
thiobutanoate in the feed, the permeability coefficient oatbhenain PEBA 40 is 4 times that
in PDMS 1070, whereas water permeability coefficient in PEBA 40 is only 40% of the water
permeability in PDMS 1070. This clearly demontdsa the excellent pervaporation

performance of the PEBA membranes. In a subsequent study, Banedbtarin(1999)also
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compared the performance of the PEBA 40 membrane with the silital@d?DMS 1060
membrane. While both membranes had similar permeabilities to the thioester, the PEBA 40
membrane was muckds permeable to water.

For rather hydrophilic and lowoiling aroma& such as diacetyl (normal boiling point
88°C), both PEBA 40 and PDMS 1070 membranes showed similar selec{Baigdot et al.,

1996) With PEBA 40 membrane, the sorption is more donmgathan diffusion as far as the
mass transport is concerned. Consequently, this membrane favors permeatiepaénand

bulky permeant (e.g., thioesters), but it is not very competitive to selective permeation of such
smaller and more polar molecules diacetyl.

Mujiburohman and Fen@007a)prepared a PEBA membrane using Pebax 2533 for
pervaporative separation of propyl propionate from water. This copolymer has a high content
of polyether segments (86t.% of polytetramethyleneoxide), with polyamid@ being the
hard segmentst Was found that the permselectivity of the membrane was mainly derived from
its excellent sorption selectivity. The diffusivity of propyl propionate through the membrane
from its dilute aqueous solutions was affected exponentially bgrtmeaconcentratn in the

feed solution.
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Table 2.3 Pervaporative recovery of dairy aromas by PEBAbased membranes.

Membr anes EffectiFeed TempeimPer meaAr oma SeparEnri c Ref .

thickmk(ppm)(C) pressu(grh()mfactcfacto

Et hyl acet ¢

PEBA (PE/P/.10O Satur3o0 <100 301 - 10 (Djebbar et
PEBA (PE/P/100O Sat ur30 <100 40 - 8. 2 (Djebbar et
Et hyl but ar

PEBA (PE/P/100O Sat ur30 <100 800 - 137 (Djebbar et
PEBA (PE/P,10O Satur30 <100 660 - 142 (Djebbar et
PEBA (PE/P/100O Sat ur30 <100 282 - 132 (Djebbar et
PEBA (PE/P,10O Satur30 <100 86 - 128 (Djebbar et
PEBA (PE/FLO0O Satur30 <100 10 - 91 (Djebbar et
PEBA 2533 100 109003&60 667 1 .-255 675 - (Sampranpibo
PEBAPE/ PA - 2090025 - - 5a 30 - ( Mohammadi e
PEBWAPE/ PA - 900 260 - - 725 - ( Mohammad:i e
Me t hy |ttahni ooat

PEBA 40 70 15 30 25D, 000.8H5270D20- (Baudet al .,
PEBA 40 70 15 30 19, 000 .-03. 147 0D20- (Baudot and
Et hyl propi

PEBA (PE/P,10O Satur30 <100 1,180 - 40.5 (Djebbar et
PEBA (PE/P,10O Satur30 <100 1,000 - 42.1 (Djebbar et
PEBA (PE/P/100O Sat ur30 <100 295 - 39 (Djebbar et
PEBA (PE/P,10O Satur30 <100 8 8 - 35 (Djebbar et
PEBA (PE/FLO0O Sat ur30 <100 20 - 33.5 (Djebbar et
Di acetyl

PEBA 40 30 80 30, 5R22®»,000. 0601.9017, 1¢&- (Baudot and
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Table 2.3Pervaporative recovery of dairy aromas by PEBAbased membranegcontinued).

Membr &nes EffectiFeed TempeilPer meaAr oma SeparEnri c Ref .
thickmk( ppm)(C) pressu(grh()mfactcfacto

Vani |l |l in

PEBA 40 2840 07, 00180 - 025 - - (Boddeker e

PEBA 25 100 5,00080 - 240 - - (Boddeker e

aThe numbers referred to the contents of polyether (PE) and polyamide (PA) segments or the codes of the polyrAdrtigeatesnbranes

were flat sheet membranes.
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Other materiab

The investigation of membranes for pervaporative recovery of daoma has been
extended to other materialsthylene propylene diene monomer (EPDM) and ethylene vinyl
acetate copolymer (EVA) are two elastomer materials that have also been exgPadl is
a terpolymer of ethylene and propylene with ethylidene norbornene as a diene comonomer
inserted in the chains. It has a strong resistance to ozone and other chemicals due to the
saturated backboné@duang et al., 20025everaEPDM membranes with different propylene
contents have been investigated to separate ethyl butanoate fronfHiveteg et al., 2002)

An increase in the propylene content in the EPDM membrane resulted in an improved
permselectivity to étyl butanoate, but the membrane permeability was lowered due to the
greater rigidity of propylene that hinders mass transport in the membrane.

Another commercially available elastomer with desirable properties for pervaporative
aromarecovery is ethyleneinyl acetate copolymer (EVA). It consists of Apalar crystalline
ethylene segments and polar raygstalline vinyl acetate segments. To investigate EPDM and
EVA membranes foaromaseparation by pervaporation, Peregtaal. (2005) carried out a
comparate pervaporation study using PDMS membranes (PDMS 1060, PDMS 1070) as a
baseline. The EPDM membranes showed the best performance among the four membranes
tested.

Bai et al. (2008) used a craslinked hydroxyierminated polybutadieAgased
polyurethaneurea (HTRBVB-PU) membrane for pervaporative recovery of ethyl acetate
from water. The thermal resistance of the membrane was significantly enhanced by the
introduction of the crosslinker. Thegaration factor anthe total flux increased withtagher

divinyl benzene contenfAnd & afeed ethyl acetate concentration of 6% and 30°C, the
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membrane showed a separation factor of 655 and a total flux of 25&h)/(m addition,
fluoropolymes, mainly poly(vinylidene fluoride) and its copolymers, have also been used for
fabricating membranes to extract ethyl acetate by pervapo(aiemand Jiang, 2008; Zhu et
al., 2005)

Most pervaporation membranes &somarecoveryare organophilic. Surprisinghjpong
et al. (2012) prepared a hybrid membrane by incorporating a hydrophilic ionic liqual in
poly(vinylidenefluoride-co-hexafluoropropene) for separation of ethyl acetate from water.
The ionic liquid used, -Butylimidazolium tetrafluoroborate ([omim]BJ; is hydrophilic and
miscible with water in any proportiofHuddleston et al., 2001; Sheldon and van Rantwijk,
2008) As expected, the sorption uptake of the oleophilic ethyl acetate in the membrane
decreased significantly as the [bmim}Bgontent in the membrane increag&bng et al.,
2012) However, it is intriguing that incorporating the hyplndic ionic liquid in the
organophilic polymer matrix was reported to have enhanced the membrane permselectivity to
ethyl acetate. It was hypothesized that water molecules in the feed would form a hydrate with
[bmim]BF4 loaded in the membrane, which wosldw down water diffusion while enhancing
the diffusion of ethyl acetate in the membrane.

Bowen et al.(2003) used GeZSM-5 zeolite (germanium substituted, MFI structure)
membranes to separate carboxylic adqidcetic acid, propionic acid), esters (methyl acetate,
ethyl acetate) and a few other organic compounds from aqueous solutions. This membrane was

reported to be more hydrophobic than silicaliteembranes prepared by similar procedures.
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2.5.3 Influence of non-volatile components and operating conditions on dairy

aroma recovery by pervaporation

2.5.3.1 Influence of non-volatile dairy ingredients

The composition of real feed solutionsdairy industry iomplicated. Proteins, lactose,
and fats are the major comporenf dairy products. They can interact with both volatile and
norntvolatile aromas in the feed.sAsuch the research findings with model feed solutions may
not be directly applicable to industrigroduction (Swaisgood, 1996)Research on the
interactions betweearoma& and the nowolatile substances is mainly conductiedm a
sensory perspective: tlieomalevel is perceived to be reduced if lesemais released due to
binding to or associating with the neplatile components. Depending on the hydrophobicities
of thearoma, a certain portion of them can be dissolbgddairy fats, which help prevent
volatilization of volatilearoma (Hatchwell, 1996; Leland, 1997; de Roos, 199k
proteins can bind numerowomacompounds(Fischer and Widder, 1997; Guichard and
Langourieux, 2000; Hansen and Booker, 1996; Kéhral., 2007, 2006a).actose can
generally bindaroma by hydrogen bonding due to its abundant hydroxyl groups, resulting in
areduction in the volatility of theroma (Godshall, 1997; Kellam, 1998)herefore, at a given
aromaconcentration in the feed solution, the presence of protagtese and fats will suppress
the saturated vapor pressure ofdhema, thereby lowering the driving force for pervaporative
transport of thearoma through the membrane. This will compromise the effectiveness of
pervaporation to extract and concerdritearoma present in the system. One should look
into this aspect inecovemg dairyaroma for practical applications.

Overington et al(2011)carried out a comprehensive study on the effects ofvotatile

dairy components oaromarecovery by pervaporation using a PDMS membrane. These non
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volatile components can influence both the driving force for permeation and $isenarasfer
coefficient. For pervaporativecoveryof esters and ketones, the milk proteins can reduce the
driving forces foraromapermeation by 584%, and the impact seems to be more significant

for long-chain and hydrophob&romacompounds. Interestgly, they have little impact on the
permeation flux of water. When both milk protein and fat are present in the feed, the separation
performance foraromarecoveryis affected by the protein more significantly. Similar to
proteins, lactose does not hawvedent negative effect on water permeation, bustioenaflux

and thus the enrichment factor are lowered. These trends, however, cannot be generalized
because the impact$ the nonvolatile substances ceromarecoverydepend on the nature

and magnitudef their interactions with tharoma as well as the type of membranes used. In
contrast, lactose has been reported to have no effigbe permeation flux or selectivity for

dairy aromadiacetyl using a PDM®$olycarbonate copolymer membrane (25 um thick
(Rajagopalan et al., 199d) methyl thiobutanate using a GKSS PEBA 40 membrane (70 pum
thick) (Baudot et al., 1996)in the latter case, even the addition of salts (NaCiHR@&y,
KH2PQy), sodium lactate and amino acids to the feed solution close to a real cultrate medium

does not change the flux aedrichment factor.

2.5.3.2 Influence of feed aroma concentration

In dilute feed solutions, the permeation flux wbeomausually increases almost linearly
with thearomaconcentration in the feed, while water flux is not significantly affected by the
feed concemation(lsci et al., 2006; Jullok et al., 2013;j$ima and Nakagawa, 2000; Pereira
et al., 2005; Song et al., 2004)he linear relationship can be explained using the solution
diffusion model(Kanani et al., 2003where the diffusivity and solubility are approximately

constant. Under such circumstances, the membrane selectivity measured by permeability ratio

45



will be independent of feed concentaats. However, if the membrane has a strong affinity to
the aromacompounds (i.e., a high solubility coefficient), a considerable membrane swelling
by the penetrant may occur, which will increase the diffusivities of both watearanthin
the membrane. Ti& normally happens when theomaconcentration in the feed is over a few
thousands of ppm. Sometimes, tammadiffusivity can be affected exponentially by its
concentration in the feed, resulting in a nonlinear concentration dependencearointiaéux
(Gu et al., 2013; Mujiburohman and Feng, 200Yé)ile membrane swelling tends to increase
both thearomaand water fluxe§Feng and Huang, 1997; M Peng and Liu, 200®) selectivity
can be increase@Wu et al., 2012pr lowered(Sampranpiboon et al., 20004 higher feed
aroma concentrations. Generally sp@ag, excessive membrane swelling will lower the
membrane selectivity.

The effect of feed concentration on the membrane selectivity is apparently related to the
aromacompounds and to the membrane. For instance, Mohanehatli(2008) found that
with the same PEBA membrane (&7.% poly(tetramethylene glycol) segment andwit3%
polyamide 12 segments), the separation factor for ethyl butanoate enrichment increased with
the ethyl butanoate concentration in the feedtsmt, whereas the opposite was true for the
separation of isopropanol enrichment. Sampranpiteical. (2000b)also investigated ethyl
butanoate enrichment and fouat the separation factor for ethyl butatedaater separation
is roughly proportional to the feeatomaconcentration when a PEBA 3533 membrane was
used, and the separation factor appeared to be inversely proportional to the feed concentration
when PDMS ad POMS membranes were ug&hmpranpiboon et al., 20004 addition,

when multiplearoma are present in the feed, the interactions amonguthaa will also
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influence the permeation of individualoma, and this is reflecteby the commonly observed

coupling effects.

2.5.3.3 Influence of temperature

In general, a higher feed temperature favors both partial permeation fluxesraand
water. As discussed above, the increase in the permeation flux is attributed to increasgd drivin
force for permeation arising from the higher vapor pressure of permeant in the fedidags we
enhanced permeability @bgh in certain cases the permeability may decrease with
temperature if the increased diffusivity due to enhanced thermal motiotyofgrachains and
increasingly energized penetrant is insufficient to compensate for the decrease in the solubility
due to exothenic sorption). Olsson and Tragard®99) who studed pervaporation ofeveral
esters using a POMS membrane at different temperatures, found that the in@easeflox
with an increase in temperature is mainly due to the increased permeability, while the increase
in water flux is attributed to the increased driving forSemilar results are observed for
separation of acids, esters and ketones from aqueous solutions with PDMS and POMS
membranegBaudot et al., 1996; Overington et al., 2009)

The overall temperature dependence of permeation flux can be measured by the apparent
activation energyBeaumelle et al., 1992; Overington et al., 20@#)ich is normally in the
range of20-60 kJ/mol(Feng andHuang, 1996)Obviously, the effect of temperatuoe the
selectivity of pervaporation separation dependshendifference in the apparent activation
energies of the permeating species (aeomaand water) to be separated. If the activation
energy ofan aromacompound is higher than that of water, thenahmmaselectivity will be
increased with an increase in temperafMajiburohman and Feng, 2007a; Olsson et al., 2002;

Sampranpiboon et al., 2000)or aromacompounds (e.g., ethjplutanoatg Sampranpiboon
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et al., 2000h) ethyl hexanoat¢Samprapiboon et al., 2000and ethylacetate(Feng and
Huang, 1996)with a lower activation energy than water, their selectivity will be lower at a
higher operating temperature. Even if a high temperature favors both permeation flux and
selectivity, the operating temperatureti§ Bmited so as to prevent thermal degradation of the

aromacompounds.

2.5.3.4 Influence of hydrodynamics of feed liquid on the upstream side

The hydrodynamic conditions of the feed solution are another important aspect in
pervaporation. Sincaromacompounds @ to permeate through the membrane preferentially,
water molecules will be built up in the liquid boundary layer near the membrane surface
(Cussler, 1997; Feng and Huang, 1997; She and Hwang,,2080ih is referred to as
Aconcentr at i Batase af the qoncentatian patadzation, the concentration of
aromacompounds that the membrane fisearsma on
concentration in the bulk liquid, whereas the opposite is true for water. The liquid boundary
layer thus presentsiadditional resistance to mass transfearofmnacompounds, while it does
not affect water permeation significantly for dilute solutions. For pervaporation separation of
minor components from water, the boundary layer mass transfer may become dominant ove
the membrane itself if the hydrodynamic conditions of the feed solution are not properly
controlled(Jiang et al., 1997; Lipnizki et al.0@1)

The extent of concentration polarization is determined by both the permselectivity of the
membrane and the hydrodynamic conditions of the feed on the upstream side. Fluid
management techniques to reduce the boundary layer thickness by promotimgixjog of
the feed solution near the membrane surface are important in order tozeinoncentration

polarization.Thus, it is often recommended to use a relatively high turbulence on the feed side.
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Generally, water flux is not strongly affected bg thydrodynamic conditions of the feed
solution at lonaromaconcentrations because water concentration on the membrane surface is
not considerably different from the water concentration in the bulk sol(io& and Hwang,

2004)

2.5.3.5 Influence of permeate pressure on the downstream side

As the driving force for pervaporatitensport is provided by applying vacuum on the
downstream side, the permeation flux is directly affected by the permeate pressure. As
expected, the lower the permeate pressure, the higher the permeat{@ndiyalian and Raisi,

2007; Fouda et al., 1993; Olsson et al., 2001, 1999; Raisi et al., Fod8jomarecovery an
increase in the permeate e will lower both the partial fluxes afomaand water. Thus,

the pervaporation selectivity is not strongly influenced by the permeate pressure as compared
to the permeation flux, unless theomais a high boiler with a low saturated vapor pressure
onthe feed side. It has been shown that effect of permeate pressure on pervapo@imey

of a highboiling-point aromao-decalactone (boiling point 28T) is much more pronounced
thanrecoveryof low-boiling-pointaroma (e.g., ethyl acetate and diacetyl, boiling point<77

and 88C, respectively)Baudot et al., 1999)Aromas with moderate boiling points (e.g.,
methyl thiobutanoate) displayed an intermediate behavior; the separatmmniagt increase

or decrease with an increase in the permeate pressure, depending on the membranes used
(Baudot et al., 1999)

In industrial operations, the permeate pressure may range from several hundred to a few
thousand Pascal, which is a lower vacuum than that normally used in the lab(Batwtpt
etal., 1999; Pereira et al., 2008herefore, caution should be exercised in extrapolating bench
scale pervaporation results in process design. In addition, when hollow fiber membranes are
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used, there will be a pressureildup alom the fiber length on the permeate side (especially
for shell side feed configurations), which should be taken in account in moduleupcale
Attention should also be paid to the pumping and piping aspects for permeate withdrawal to
minimize he negative effect of pressure buildup (e.g., using a large hydrodynamic diameter
and minimal lengthjWillemsen et al., 2004)

In aromarecoveryby pervaporation, the primary energy consumption element is the
vacuum pump used for permeate evacuation. Ganwnally, the permeate vapor needs to be
condensed under vacuum before reaching the pump inlet to avoid contamination. A new
development in the vacuum pump industry is the dry vacuum pump that runs completely dry,
without using any lubricant in the swegilume. They are more efficient than conventional

vacuum pumps and ugss energy.

2.6 Concentration of dairy products

In the processing of dairy products, one of the important processing units is the
concentration of milk or other setfinished dairy prodats. The concentration oflairy
producstis essentiallghe removal of water. The main objective of concentrationpsdduce
milk powder or protein (or other nutritional components) enriched productedtethe
weight or volume duringpackagingandtransportationto improve the stability and handling

of the productor to reduce water activity to lengthéme shelf life of dairy products.

Evaporation, freeze concentratiand membane concentration (especially reverse

osmais) are threeommonmettods for concentration afairy products
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2.6.1 Evaporation on concentrating dairy products

Evaporationis currentlya major technique used for the removal of water in the dairy
industry.It uses gadiquid phase separatidyy heat and/or vacuunin general, anveporator
consists of three principal elements: heat transfer, viegpdd sepaation, and vapor
condensatiorilo save energy, many food evaporasgatems usmultiple-effect evaporation
in which the vapor from one effect is used as the heating meditmil a subsequent effect
at a lower temperature. Thisysten is usually used under vacuum to sustain evaporation at a

lower temperature. Evaporatidras low capital cost and high concentration obtainable3(>50

Brix) (Sanchez et al., 201, 1however it corsumes higher enerd$anchez et al., 2011han
other concentradn techniques. In addition, the thermal treatments involved degyade
nutritious components (such as proteins and vitamins) and aroma compounds, thereby

compromising the dairgroducs quality.

2.6.2 Freeze concentration of dairy products

Freeze concentratiofis another concentration technique applied in dairy industry.
Normally, water is separated frommilk or other dairy productby crystallizing ice at low
temperatures, followed by a separatsd@p to remove ice froithe concentrateOwing to the
low temperatures appliedhe loss of volatile aromas aridvors and thermally sensitive
componentan be minimizedresulting in high qualityof dairy productgHartel, 1993) A
maximum solid concentration ofairy productsachieved by usinfreeze concentration was

reported to be about 5Brix (Heldman, 2003)Best and Vasavada993)also reported that

usingsuspension freeze concentration, skim milk had been concentrated upvtd#0S

(total solid) and whole milk up to 44t.% TS. Usingblock freeze concentration, cheese whey
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and whey proteins have been concentrated up tovt3% TS and up to 6.49% (w/v),
respectively(Aider et al., 2007)

Although freeze concenttimn shows someadvantagesijt does havelimitation for
practical usein dairy industry. For instance, its total cogiscluding energy, capital and
cleaning) are three to four times higher thiawsefor evaporation or reverse osmogian Mil
and Bouman, 1990)The losses of solids are high, especially at high feed concentrations
(Hartel, 1993) The hgh viscosityof dairy product is anothdimiting factor for the freeze
concentration of both skim milk and ole milk. Wh at 6 s henpoeseace of fah dairy

causes difficulty in the removal of ice from the concentréd@mchez et al., 2011)

2.6.3 Membrane technologies applied to concentration of dairy products

To meet the current market demand, recent develognrecincentration technology in
the dairy industry have focused on ndimermal technologies. Membrane processing is
pressuredriven separation technologyxsing membranes with different pore sizes or with no
pores. It isan importantalternative for theclarification and concentration ofairy products
because it operates at room temperature, exhibits low energy consymigtioperformance,
and easy scale upnd rejects a wide range of food contaminaRtswever,comparing to
traditional membrane apphtions (for instance, water treatment or desalination), the
concentration of fluid milk or certain dairy components is more challenging due to the high
solid content and complex compositions of mikk.the past few decades, thanks to the fast
developmenbf membrane materials and membrane element configurations, almost all types
of membrane processes, except for pervaporation, have been successfully used in the

processing of milk and dairy products.
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Microfiltration (MF), ultrafiltration (UF), nanofiltraton (NF) andreverse osmosifRQ)
membranes are characterizeddifferent membranepore size andthus operating pressures
and mass transfer mechanisifiable2.4 andFigure2.6 summarize the charactercs of these
membrane processand their applications in concentration or separation of dairy ingredients.
MF membranes have relatively large pores (within the range of 0.1 td 1@han other
membranes, and they are mainly used to remove bacteriasandiated spores from milk
beforepasteurizationallowing for an extended shdife of the product MF is also used to
separate casein fromhey proteingHu et al., 2015) and this separation is basedtbe
physicochemical properties of these two types of proteins. Although casein proteins
themséves do not have larger molecular weights than whey proteins (the molecular weights
of caseins are 12086000 Da and the molecular weights of whey proteins fall in 14000
900000 DaFox and McSweeney, 2003P5% of casein in milk is in the form of colloidal
particles, whichhave a diameter ranging from 0.05 t& 0. g(Fox and McSweeney, 2003)
These casein micelles are much larger than whey proteins and can be easily separated from

whey proteins by MF.

Table 2.4 Characteristics of membrane processes applied to the concentration or separation of
dairy ingredients in industry.

Membrane Membrane Mt cutoff  Operating Separation Applicatiorsin dairy
processes pore sizé¢ rangesDa® pressure, MR mechanism industry
MF 0.1:1 0 ¢ >200000 0.010.2 Size exclusion Removal of bacteria an
spores; fractioation of
milk proteins
UF 1-500 nm 5,006 0.1-1.0 Size exclusion Removal oflactose
200,000 concentration of milk
protein and fat.
NF 0.1 nm  2005,000 1.0-3.0 Size exdlision Removal of monovalen
salts from dairy.
RO <0.1 nm <200 3.0-15.0 Size exclusion, Concentration of milk
sorption and and whey.
diffusion

a(Baker, 2012; Cheryan, 1998; Mulder, 1996)
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Figure 2.6 Schematic diagram of membrane separatioprocessegHenning et al., 2006)

UF seems to be the most widely used membrane process in dairy manufacturing. It is
effective for reduing lactose in milk, allowing for manufacturing of ldactose dairy products.
Fats and proteins are retained in the retentate of the UF processes, while lactose and salts can
pass through the UF membrane. UF is often coupled with NF and/or RO to prachose |
free products. One example is a patented process for manufacturing-feetasék using UF,
NF and RO membrane technolog{@®ssavainen and Sahlstein, 2Q0B3)e pasteurized milk
was ultrafitered by UF membranes with a MWCO of 20000 Da. Then the UF permeate
containing mainly lactose and minerals was filtered by NF membranes. The NF permeate,
which consisted mainly of univalent minerals was further concentrated by RO. The RO
retentate was latemixed with UF retentate and finally the obtained milk contained less than

0.01% of lactose. UF is also an attractive unit operation in the concentration of proteins to
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make milk protein concentrate and whey protein isolate or hz@meentration omilk before
cheese makin{Henning et al., 2006)

NF is a process usingembranes with pes that are larger than those of RO membranes,
but smaller than those of UF and MF membranes {sd®e 2.4). The NF membranes can
normally retain species with a molecular weight bigger than 200 Da. Therefore, it can reject
lactos, protein and fat, but allomnany monovalent salts (e.g., sodium and chloride) to
permeate freely. The primary applications of NF in dairy industry is to concentrate dairy
components and remove salts from dairy fluids. The dairy fluids include wholevahigy;

(van der Horst et al., 19959nd UF permeate of milk or whég@uartasUribe et al., 2009)In
desalting of dairy products, NF membranes allow monovalent sodium ions to penetrate, while
retain the more nutritionally relevant divaleéms, such as calcium, zinc and magnediRime

et al., 2008) This approach can be used to prepare Ca and Mg enriahiggbducts.

RO is a membrane technology in which the solution is pressed to transport through the
membrane by applying a pressure higher than the osmotic pressure of the solution, resulting in
a separation of most solutes and solv8mtce the pore si&s ofreverse osmosisiembranes
are very small€0.1 nm) they can retain almosil components other than the solvent (e.qg.,
water) Therefore, strictly speaking, R®a true davatering techniquevhile MF, UF and NF
can beconsidered amethod for simultaneously purifying, concentrating, and fractionating
certain components from a fluid system. In dairy industry, RO is most applied to concentrate
milk or whey, and it is more energy efficient than evaporation or other drying methods. For
example, RO cabe used to remove water from milk or whey before evaporatispray
drying operations, and this is more energy efficient than applying only evaporation/spray

drying for watefremoving. AsDaufin et al.(2001)reported, 9150 kWh energy was needed
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per ton of water removed for evaporation for wheygoecentration, while only 9 kWh/t was
consumed if the evaporation step was replaced by RO. However, the concentrations of the
products obtained using RO are always lower that tibtained with evaporationhe

maximumconcentration obtainablith RO is only around 38Brix (Sanchez et al., 2011)

The high osmotic pressure of dairy fluids and membrane fouling are two significant limiting
factors that restrict the wide use of RQdaary industry.

To summarize, even though the membrane separation technologies mentioned above are
very promising, there are some challenges that limit the applications of these processes in the
dairy industry. The major limiting factor ke strong fluxdeclinecaugd byconcentration
polarization and membrarieuling. Membrane fouling refers to the gel lay formation, as well
as adsorption and deposition of solute molecules on the surface of or inside the membrane. The
flux decline can be very severepecially in MF and UF; in some cases, the canbe
decreased te5% of he purewater flux. A gel layer may form when significant accuatign
of solute molecules on the membrane surtazmirs particularly when proteins are presant

the feedHuisman et al., 2000).

2.6.4 Pervaporation as an alternative technique for concentrating dairy

products

Another potential application of pervaporation is water removal from a solution, for
example, solvent dehydration and desalinatiorthé case of solvent dehydmat, the feed
mixtures are normallgzeotropic slutions. Traditional distillation is only able tseparate the
azeotrope witlpure solvents with the use of entrainers, which then must be removeansing
additional separation stepervaporation can be e to break th azeotropebecause the

separation is based on selective sorption and diffusion of certain molecules through the
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membranes, rather than relative volatility of the components to be separated. The widely
studied solvent dehydration processedude the dehydration of alcohdlglah et al., 2014;

Wu et al., 2015; Yu et al., 201ahdacids(Chen et al., 2012Jor pervaporative desalination,

sea water is the most commonly studied salt solutions, yhohilic membranes are often

used as they prefentially permeate wateproducing gpermeate with a high water content

and asolventenriched retentate.

To our knowledge, pervaporation has not been applied in concentrating dairy products.
Unlike other membrane processes, pervaporation requireessupe applied to the feed side,
and a much higher concentration of permeate is achieved using pervaporation than other
membrane processes. More importantly, pervaporation membranes aperaos, which
means membrane pore blockage is not relevant. Tdrerehe flux decline, which is tmaajor
limiting factor for other membrane processes in dairy processing, mégwety significant.
The above advantages of pervaporation make it a potential alternative in concentrating dairy
products, and thus it issubject in this thesis research.

A good polymer for membranesgelectivédy permeatavater needs to hawgood sorption
characteristics, throughteractonswith waterby dipole-dipole and iordipole actions ( the
case of a polyelectrolyte) and/or hgden bonding (Semenova et al., 1997Yhus the
membranematerial that has sudbatureds often desable.PEBA 1074 has a higtontent of
polyamide, which can interact with water by hydrogen bonding, and therefore PEBA 1074 is

expected to be suitable for the dehydration applications.

2.7 Summary
The current state o$eparation methodfor dairy aroma compoundecovery and
concentrabn of dairy products areeviewed Pervaporation offers advantages wiild
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processing temperature, woenergy consumption and easy operation. piidential for
recoveringnaturalaroma is apparent in view of the increasing demand for naarmaha
substanes.

Among the large number of daigromacompounds identified, only about 3@oma
have been investigated extensively for pervaporageeveryfrom agueous solutions using
organophilic membranes/ore studies are needed to look irther dairyaroma as well
Most of the research to date on pervaporative recovemyooiacompounds has been carried
out with binaryaromawater mixtures. Even thoughis convenient for membrane testing and
evaluation in the lab, the research findings obtained carmainply extrapolated to real
aroma solutions that involvaultiple aromass coupling effects are likely to occur. In addition,
the presence of dgiproteins, fats and lactose may also affervvaporativeecoveryof aroma
compoundsFor a given membranand feediromacomposition, tke separation performance
is affected by the operating temperature, permeate pressure and hydrodynamic conditions of
the feed solutiorProper selection afperating parameters is critical for practiapplications.

Consideing the working mechanism of pervaporation (i.e., selective sorption and
diffusion of certain molecules in the membrane), it rnaysed t@oncentrate dairy products
by selectively removing water from the mixture.

Among the various membrane typ@E&BA is a series of excellemhaterias with good
selectivity to certain organics or waté&rmore balanced daiaromaprofile in permeateauld
be obtained bycertain organiophilicPEBA membranes with a high content of polyether
segmentsgcomparing to otheorganophilicmembrans. This is appealing iraromarecovery
industry.In addition, hydrophilic PEBA membranes with a high content of polyether segments

are likely to be favorable for dehydrating and concentrating dairy solutions.
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Chapter 3
Recovefr yDairy mp omad Lof r owWatAearo maol uti o

by erPvapor@dsimgm PEBA Membranes

3.1 Introduction

As discussedn Chapter 2the pervaporatiorperformance depends on the typearmima
compoundsthe membranes used artde operating conditions. @anophilic membranes
particularly PEBA, PDMS and POMS, are suitabletf@ recovery of aroma compounds from
their aqueous solutionélthough most of dairaromacompounds are olbased, watebased
aroma cannot be ignored as thempact the dairy quality as well. PDM&d POMS
membranesvork well to capture oibasedaroma, but not so well for watdrasedaroma.
PEBA copolymer comprisindgpoth organophilic ether grogand hydrophilic amide groups,
haswell balanced affinitieso both watetbased aromas amd-basedaromas.In the recovery
of aromas from real dairy solutions, PEBA membranes is preferred over other polymers
becausea more balanced concentration profileasbmas in the permeatan be generated.
PEBA 2533s a block copolymer comprising 80 wt.% poly(tetethylene oxide) and 20 wt.%
nylon 12(Liu et al., 2005)Its high content of polyether segment is expected to result in a good
permselectivity to hydrophobic aroma compounds in daofgtions. That is the reason why it
was selected as membrane material is $fiidy.Operating parameteareanother key factor
affeding aroma recovery.nlorder to scale up the experimental results obtained ifotab
industrial applicationsgertain operating parameters need to be evaluated and optitmzed.
this study, the éécts of aroma concentratiom the feed andemperature, which are the two

most important operating parameters, on the separation performance were studied.
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Although somestudies orthe recoveryf aromacompounds from aqueous solutsdry
pervaporatiomave beerreported, mstresearctonly focused omgueous solutions containing
singlearomacompound Sincereal dairy solutiors involve multiplearoma compounds, i$
necessary to extenthe pervaporation studies frorbinary aromawater feed systemto
multicomponenteedsystem However,complicated interactions often take plasaong the
permeat and the membranespeciallyfor pervaporation ofmulticomponent mixtures. The
interactionsamong the permeating species, which are sometimes kndivo as u pfl fi encgt se0
often changethe sorption and diffusiorcharacteristic®f the permeating specid¢isrough the
membrane. Due tdifficulty in direct measuremestof the interactions quantitatively, most
investigationsfocused on the simplest coupled transmdrbinary or ternary mixturesand
only a fewstudieshave been carried out for multicomponeriktures Sampranpiboon et al.
(2000a)oundthatesters fluxes wergecreasd when ther esters were added to the dilute feed
solutiors. In contrast, some alcohols were observed to have higher permeabilithesrin
multicomponenteed systemghan intheir binary systemgKanani et al., 2003; M. Peng and
Liu, 2003) Thereforeanother objective of this studyas toinvestigate how the presence of
an additional aroma compouaffects the mass transfer of individual aromamponentThe
model aroma compoundsedin this studywere selecteftom six categories ofepresentative
dairy aromasestes, ketone, aldehyds, sulfur compounsl and aromaticcompound. A
literature search showdtlat among these aroma compounds,ptbievaporativerecovey of

indole, nonanal, and dimethyl sulfonesimat beerrepored.

61



3.2 Experiments

3.2.1 Model feed solutions

Binary (single aroma compounrdwater) and multicomponent (eight aroma compounds
+ water) feed slotions were used in this studgight aromacompoundsethyl hexanoatesthyl
butanoate, heptanongdiacetyl,dimethyl sulfoneindole,nonanal and hexanoic acjdvere
selected as model aromahey were selectetbr the uses as model aromasthis stdy
because they are key aromas in dairy products (as sdabl@2.1) and they represent six
categories of dairy aromagheywere all ofreagent grade arsiipplied bySigmaAldrich. The
feed solutions were prepared by mixingradetermined amount of the aroma compound(s)

and water.

3.2.2 Membrane preparation

PEBA 2533 in the form of elliptic pellets was kindly supplied by Arkema [hhe
physical properties of PEBA 2533 is shownTiable 3.1. Flat-sheet dese membrarsawere
prepared using the soluti@asting method. At firsthe PEBApellets were dissolved N, N-
dimethyl acetamide (DMACc) (from Acros Organic Inc.) at a concentration of 15 wWhb.
polymersolution was kepait 60°C undervigorous stirmg for 24 hourso facilitate dissolution
of the polymerThen the homogeneous polymer solution was kept &€ 60r 10 morehours
to degas the bubbleésappedduring the stirring. After fully degassing, the polymer solution
was cast on a heated glass®l@D °C) using a casting knife, which is in the form of a glass
rod with wires at both ends to control the membrane thickAéss.evaporation of the solvent
in an oven at 658C for 48 hoursthe glassplate with the membrane on the top was immersed

in water, followed by detaching the membrane carefully frongthssplate in waterFinally,
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the membrane was dried in amen at 5FC for 5 hours The thickness ofhe membrane so
prepared was abo@t5 ¢ m.

The ontact angle of the pure aroma compounds on dry PEBA 2533 membranes were
measurd usinga contact angle metglCamplus Micro, Tantecinc.) at 22°C. At least10
measurementsn different location®f a single membranesamplewere performed,and the
resultspresentedvereanaverageof themeasuredalues.

The membrane sample was used for 6 months. To test the stability of the membrane, pure
water fluxes of a fresh membrane and the membrane after everyday use were tested under a
permeatonpesur e of 400 Pa and 22 . I'f pure wate
test was consistent with the initial water flux of the virgin membrane, which indicates there
was no change in the membrane behavior, the same membrane was used continuously in

subsequent study.

Table 3.1 Chemical component and physical properties of PEBA 2533.

Na me PA PE PE conterDensi £y T, T,
PEBA 2 PA12PTMOS8O0 20 -7 7 126

a. PA 12 is polyamide (nylon)12.
b. PT®M is poly(tetramethylene oxide).

3.2.3 Pervaporation procedures and gas chromatography analysis

The experimental setup for pervaporatexperimentss shown inFigure3.1. The PEBA
membrane was mounted into the permeation cell witbffattive membrane area of 22.05
c?. The feed solution was continuously circulated through the membrane cell and back into
the 1000 mL feed tank, using a circulation puatpa pressure of latrivacuum was applied
on the permeate side provide the driving forcefor permeationThe temperature of the feed

solution was controlled using a heating mantle, a B§eas& ThermoregulatoryControl
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System, and a thermometer. The permeate sampl@condensed in a cold trap immersed in
liquid nitrogen (around196°C).

In order toachieve steadsgtate operatioquickly, new membranes were conditioned for
10 hoursunderpervaporation experimeswvith deionized water at 38 undera downstream
pressure of 400 Pa achieved by a vacuum pump. Before each pereapanatit a new feed
concentration or temperature, the membrane was reconditioned by circulating the feed solution
at thespecifictemperature for 2 hosto reach steady state. The pervaporation exyens
were conducted atfeed flow rate of 1.14 L/minWhen one pervaporation run was finished,
the permeate sample was collected and weighgidg an analytical balance. Theroma
enriched permeate sample was then dilutidd deionized watefor compositioranalysiswith
a Varian3800 gas chromatography

Vacuum gauge

Membrane cell @
@ Df} P

Thermoregulator

Cold trap

Feed tank ; ; g

Heating mantle Circulation pump Vacuum pump

Figure 3.1 Schematic diagram of the pervaporation setup

Pervaporatioperformance was characterized by flux, permeability and enrichment factor.

These parameters were calculatisthgEquations 2.3, 2.2 @n2.7, respectivelylThe activity
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coefficients and partial pressures of aromas and water (Appendix A TabdéadA.2 were
estimatedusingAspen plus V8.based otUNIQUAC equationUnfortunately, the membrane
permeability of dimethyl sulfone was not callated due to lack of the thermodynamic data.
The feed and permeate composition were analyzed by a VZ8@hgas chromatography (GC)
equipped with a FID detector and an Agilent-8iP5 CB capillary column (60 m long, 0.32
mm inside diameter, 0.45 mmtois i de di amet er , 1.00 em film
conditions werethe injectortemperature50 °C, the FID detectotemperature300 °C, and
the oven temperatusassetto be80 °C for 1 minand then increased to 250 at 20 °C/min.
The carrier gs (helium) flow rate was 2 mL/min, with a makeup flow rate of 27 mL/ie.
flow rates of H and Q were 30and 300 mL/min, respectively. The sampigction was in
split mode; the split ratio was 30: 1. Eaample was measuréuree times.

The pervapration data reported was an average of three measurements, and the average

experimental error wasstimated to be 1%.

3.3 Results and discussion

3.3.1 Effects of feed concentration on pervaporative recovery of aromas

The effects of feed aromeoncentrationon the recovery of aromas frorwater were
investigated aB6 °Cusing binary (one aroma + water) feed mixtuiidge aoma concentration
ranges wereseleced based othe aroma composition in real dairy produ@tsirsten, 1997;
Parliment and McGomi, 2000; Toso et al., 2003hd the aroma solubility water. Table3.2
lists the physicochemical properties of the aroma compouBthee the pervaporation
experiments were carried out at dilute concentratitmtal permeatiofluxes(which were not

presentedjvereclose to water permeation Xes.
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Table 3.2 Physical propertiesof the model aroma compounds.

C

Aroma conFor muMwW?a g/BP% AC o @ éggfa];?mggy%lr&” Vscat 2%t Agwaltge r
Esters

Ethyl heGCH© 144 228 2. 7539 166 460 10( Pereira e

Ethyl buCHi® 116 120 1.7040 132 5. 7156( Pereira e
Ket ones

2HeptanoIiCH:©® 114 151 1.8242 143 4 .0316( Kirk and

Di acetyl CHO. 86 8 8 -1.9763 87 2501 0( Yal kowsky
Aci d

Hexanoi cCHi® 116 206 1.8063 125 1. ®16( Yal kowsky
Al dehyde

Nonanal CHicO 142 191 3.1752 172 96 16( Yal kowsky
Sul fur cc

Di met hyl GHiO. 144 240 3.58-¢ Mi s c(ivmllek ows ky
Aromati c

I ndol e CgH/N 117 253 2.06 -¢ 100 109 0(Yal kowsky
& Mol ecul ar weight
b Boiling point
“ Aroma solubility in water.
“ The chemicals are in solid form at room temperature,
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The eidit model aroma compounds came from six categories of chemicals. Due to the
differences in the structures and physical properties of these aromas, different permeation
behavior of the aromas through the PEBA membrane was exp€at#e3.3 shows the aroma
permeation fluxeat a feed aroma concentration of 50 ppm and 3@nd the two determining
factors of aroma flux: thequilibriumpartial vapor pressure in feed (permeation driving force)
and membrane permeabilities of the arontasan be seen that for the compounds tested, two
esters (ethyl butanoate and ethyl heoate)and 2heptanone (which is the longgrain ketone of
the two ketoned)ad higher permeation fluxes and enrichment factors than other aromas, and
this is followed by nonanal, dimethyl sulfone, diacetyl, hexanoic acid and indole. This
sequence agreedttvthe sequence of the partial vapor pressures of these aromas, in spite of
the different permeabilities of the aromdsifle3.3). This indicates that higher driving force
caused esters and ketones to have higher fluxes amu Ergchment factors than the other
aroma compound# other word, an aroma compound with a high partial vapor pressure tends

to have a high permeation flux.

Table 3.3 Permeation fluxes partial vapor pressure in feed, membrane permeabilities and
enrichment factors of aromas at a feed concentration of 50 pptior each aromg 36 and a
permeate pressure of 400 Pa

Partial flux, Enrichment Partial vapor Permeability, 18
g/(mP.h) factor pressure in feed, Pi mol.m/(n¥.h.Pa)
Ethyl butanoate 1.52 152.82 26.69 1.66
2-heptanone 1.33 138.6 5.6 6.95
Ethyl hexanoate 1.18 144 24.63 1.39
Nonanal 0.73 73.65 12.89 1.81
Dimethyl sulfone  0.25 25.43 - -
Diacetyl 0.18 18.24 1.06 4.89
Hexanoic acid 0.1 10.43 0.07 47.63
Indole 0.07 7.34 0.05 39.42
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Figure 3.2 shows the permeation fluxe$ aroma compounds as antction of tle feed
aromaconcentratioa It can be observethat the partial fluxesf all the aromacompounds
(except for indole) increasedith an increase in the aroma concentratiorfeed while
permeation flux of indole remained almost constaheincreased aroma flux is partly due to
the increase ithefeedsidepartial pressuref the aroma on the feed side (see Appendix A),
and thus the driving force for aroma permeation also incredsmd2heptanonavater
permeationmembrane swellingnay ako contributgo the enhancement offeptanone flux,
which will be illustrated inFigure 3.6 and Figure 3.7. In an infinite dilute solution, if the
organic concentration varies in a small range, thevigctcoefficient may be considered
constant and the polymeric membrane swelling sometimes was considered negligible
(Martinez et al., 2013)Therefore, the membrane permeability to aroma compounds did not
change significantly. However, in the relatively large aroma concentration range in this study,
it is interesting to note frorRigure3.3 that the intrinsic permeahtiji of the eight aromas in the
membrane was not always constant: the permeabiliti@hefptanone, ethyl butanoate and
ethyl hexanoaténcreasd with anincrease irtheir concentrationsyhich also contributed to
the increased permeation flu®n the contary, the permeabilities of diacetghd hexanoic
acid decreasedt higher feedaromaconcentrations, and the permeability of nonanal was
almost constant withinhe small concentration rangstudied in this work(10-50 ppm).
Therefore, for the permeation diacetyl, hexanoic acid and nongnialwas their increased
partial pressures on feed side that caused their permeation fluxes to increase with the feed
aroma concentration. In addition, as the concentration of indole increased from 50 to 900 ppm,
the inaease in permeation driving force of indole was compensated by the reduction in its

permeability, which resulted in an almost constant flux.

68



250
1 ©2-Heptanone (@)
] OEthyl butanoate
200 - ®Ethylhexanoate
f':":\- -
£
2 150
x
S
=
®
5
Z 100
50
0
5.0
: ON?nanaI (b)
] ADiacetyl
40 1 ®Hexanoicacid
E ]l ®Indole
(:é 1 ADimethylsulfone
2 30 -
> 4
S
= _
® .
g ]
g 20 I
1.0 1
0.0

0 500 1000 1500 2000 2500 3000
Aroma concentration in feed, ppm

Figure 3.2 Effect of aroma concentration inbinary feed solution (aroma + water) on the flux of
(a) 2heptanone, ethyl butanoate and ethyl hexanoate; (b) nonanal, diacetyl, hexanoic acid, indole
and dimethyl sulfone. Temperature 36 °C, and permeate pressure 400 Pa
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Figure 3.3 Aroma permeability in the membrane for pervaporation of binary aroma + water
solutions. (a) 2heptanone, ethyl butanoate and ethyl hexanoate; (b) nonanal, diacetyl, hexanoic
acid and indole. Temperature 36 °C, and permeate pressure 400 Pa
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Accordingto the solutiordiffusion model, the permeability coefficient is equal to the
product of the solubility coefficierand the diffusion coefficientn general, in dilute organic
water mixture, the feed concentration does not significantly affect the l#glgbefficient of
organic componenfLamer et al., 1994; Trifunovic and Tragardh, 200Bhe diffusion
coefficient of a pgmeant in a polymer is generally concentratit@pendentSome studies
suggested using linear and exponen(galn et al., 1985; Mujiburohman and Feng, 2007b;
Rautenbach and Albrecht, 198%)rrelations to describe the concentration ddpany ofthe
diffusivity. Normally, the diffusivity increases with an increase in feed concentrationrin ou
study, the increase in the permeabilities for ethyl butanoate, ethyl hexanoatbepmtdrine
is possibly due to their increasing diffusivitiestive membraneTrifunovic et al.(2006)also
found that the diffusivitie of highly hydrophobic organic compounds, easters and ketones
with large molecular weightghcreasd when their feed concentration incredseéor the other
four aromas, the reduction in the their permeability may be caused by the clustering effect
between aroma compounds and water due to their proton donating @ovienovic and
Tragardh, 2006)At a higher aroma concentration in feed, more clustetfsesholecules may
form, which may not significantly affect thecana solubility in the membre but may
decrease the aroma diffusivity in the membrane.

To better understand the root cause for concentration dependencies of aroma fluxes, the
driving force and the membrane permeability were considsepdrately The increase in
aroma fluxes as feetoma concentration increasgdsattributed to the increasetime driving
force for aroma permeation and/or membrane permeabilifiegure 3.4 compares the
contributions of this two factors to the enhancemerdroma flux. InFigure3.4, bis aroma

flux, ‘O "@s the driving force foraromapermeationp is the permeability to aroma, subscripts
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h and; represent a relatively higieed concentratio(50 ppm for nonanal, 500 ppm for the
other aromas) and the lowdstd concentrationsed n this study (10 ppm for nonanal, 50
ppm for the other aromasyhe ratio ofbg U, represents thcrease in aroma flux when the
aroma concentration increas&}Q ‘O "Cand0 j 0 represent the corresponding incresise
permeation driving force and permeability to aromespectivelylt can be seetha when feed
aroma concentratiomcreased from 50 ppm to 500 ppjor from 10 ppm to 50 ppm for
nonanal)there was a-10 fold increase ithe drivingforce for aroma perméan, while the
membrane permeabilities to ethyl hexanoate, ethyl butanoate lagpt@hone only increased

by 1.32.6 folds,while membrane permeabilities to other aromas decreased. This indicates that
the driving force for aroma permeation contributed entbilan membrane permeability to the

increasd aroma fluxwith an increase ithe feedaromaconcentation
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Figure 3.4 Ratios of by iy 3 r3mand [} |rafor the permeation of aroma compounds, where
Lis aroma flux, r 31is driving force for permeation, ||- is permeability to aroma, subscripts » and

| represent a relatively highfeed concentration(50 ppm for nonanal, 500 ppm for the other
aromas) and the lowesfeed cacentration used in this study (10 ppm for nonanal, 50 ppm for
the other aromas)Temperature 36 °C Permeate pressure 400 Pa.
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For water permeation, as shownHRigure 3.5, water was basically independent of feed
aroma concentrain within the feed concentration range studied, except for-tiepnone +
water feed mixture, wherenancrease in water flux was observed. This seems to indicate
negligible membrane swelling by the aroma compounds. Similar observations with
alcohol/waer, aldehyde/water and ester/water separations at low feed concentrations have
been reported by other research@arcia et al., 2009; Martinez et al., 2013; Niemisto et al.,
2013) While for the pervaporative separation heptanongvater, with an increase in the
feed aroma concentration from 50 to 2500 ppm, the corresponding water fluxes increased from
190 to 240 g/rfh. Figure3.6 shows the water permeability as a function of aroma concentration
in the feed.Thevariation in water permeability was very consistent with the variation in the
water flux. This is reasonable because all the model feeds are dilute aqueous solutions, a
change in feed aroma concentration did not affect the driving force for watergtieme
considerablyln addition, wher2-heptanoneoncentration in feed increased, the increase
water permeabilitfurther confirmsthat 2-heptanone tended to swell tREBA membrange
thereby enlarginghe free volume of the polymer matrand promotinghe permeation of

water molecules through timeembrane.
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Figure 3.7 shows the enrichment factors for the eight aromas at different feed
concentrabns.lt is clearthat 2heptanone, ethyl butaate, ethyl hexanoate and nonanal were
better enriched than the other four aromas, which is consistent with the sequence of the aroma
fluxes. In addition, the enrichment fargf 2heptanone, ethyl butaateand ethyl hexanoate
increased with an increase in the feed aroma concentration. The increasing trend for nonanal
enrichment was not obvious because of the narrow feed concentration rarigfe o)
studied. At | ow f eed ethybmtaneattias the thighest enriclin@nt 1 8 0
factor (153173) among the eight aromas. At a feed concentration higher than 200 ppm, the
enrichment factor of ethyl hexanoate exceeded that of ethyl butanoate. On the other hand,
diacetyl, hexanoic acid, dimethyl sul®and indole had relatively low enrichment factors, and
their enrichment factors declined with an increase in their concentrations in the feed. The
pervaporative recovery of indole was the worst as compared to the recovery of the other aromas
using the PEB 2533 membrane. In a feed concentration range e®C&D ppm, indole
enrichment factor varied between 0.33 and 7.34. An enrichment factor of less than 1 means the
aroma was not enriched in the permeate at all because the permeate concentration was lower
than the feed aroma concentration. Oveth#,variations in the enrichment factor became less

drastic at higher aroma concentrations in the,fgederally above 1000 ppm.
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Figure 3.7 Effect of aroma conceiration in feed on enrichment factor for recovery of aromas
from binary feed solutions Temperature: 36°C. Permeate pressure: 400 Pa.

76



3.3.2 Effect of operating temperature

The effecs of temperature on permeation flux, membrane permeability and enrichment
factorfor all the eight aroma compoundgreinvestigatedn this part of studySingle aroma
water pervaporation experimentgre carried ouat a fixed permeate pressure of 400 Pa and
different feed aroma concentrations based on their solubility limiwgater (50, 500, 1000,
2500 ppm for the permeation of diacetyhter, ethyl butanoatwater, 2hepatnonevater,
hexanoiewater and dimethyl sulforeater; 50, 100, 300, 500 ppm for the permeation of ethyl
hexanoatavater; 50, 100, 200, 900 ppm for therpeation of indolevater; and 10, 30, 50
ppm for the permeation of nonanaater). The perating temperatureas varied fron5 to
65 °C which wassufficiently below the boiling points of all tharoma. Relatively low
temperatures are preferredreducesnergy cost antb protect thenaturalaromapropertieof
the aromacompounds

As mentioned in Chapter 2, the temperature dependenigermeation flux and

permeabilitynormallyfollow anArrheniustype equationi.e.

0
L 3.
0O 0 A@D.—Y,,Y (
.. 0
. 3.
O 0O AQD—,Y,,Y (

where is the permeation flux) and0 are preexponential facte ‘O is the apparent
activation energy of permeation afdis the absolute temperatur@, is the membrane
permeability,O is the activation energy corresponding to permeabilitye &ffects of
temperature on the permeation fluxesvatter andhe eight aroma compoundgere plotted,
as shown inFigure 3.8 and Figure 3.9. Both thewater flux and thearomaflux increased

significantlywith an increase in temperaturghis ismainly because of the increaspartial
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vaporpressure of waterand aromapn the feed sidegsulting in highedriving forces for the
permeation ofvaterand aromalt can be seen iRigure3.8, in the permeation airomaswater,
water flux increased exponentially fraamound 100 to 1@Dg/(n¥.h) as temperature increased

from 25 to 65 °C.
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Figure 3.8 Effect of temperature on water flux during the permeation of aromaswater at
different feed aroma concentrations and a permeate pressure of 400.Pa
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Figure 3.9 Effect of temperature on the permeation fux of, (a) 2heptanone, (b) ethyl butanoate,
(d) diacetyl, (9 ethyl hexanoate, (€) hexanoic acid, (f) nonanal, (g) dimethyl sulfone and (h) indole
at different feed aroma concentrations and germeate pressure of 400 Pa
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The apparent activation energl;j for aromacompoundsand water permeatioat
various feed concentrationgere calculatedfrom the slope of the plotéFigure 3.9), Eji
describes the overa#iffect of temperatureon permeation flux, and it has accounted for
temperature effects on membrane permeability and permeation driving&dricga activation
energy indicates the permeation flux is sensitive towards a temperature cha@gs. for
aroma and ater permeatioat different aroma concentratioaelisted inTable3.4. At a low
feed concentration of 50 ppmie calculate@dpparent activation enerdgr the permeation of
aromas [Ej,) follows the order oindole > nonanab> hexanoic acid 2-heptanone> dimethyl
sulfone > ethyl hexanoate diacetyl >ethyl butanoateAs the feed aroma concentration
increased, thé&j, values of indole, hexanoic acid and diacetyl increased significantly. As
discussed irsection 3.3.1when theconcentration of theseroma compounds present in feed
increased, more watgliacetyl, watethexanoic acid and waténdole clusters may be formed,
which resulted in a greater energy barrier for the permeaetitre aromaFor the other four
aromas, theEja values showed little changes asoma concentration in feedaried. The
apparent activation energy for waparmeatior(Eyw) was relatively constant for the different
aromawater systems at different feed aroma concentrations, and &hiivalues ér water

permeation were in the range4#.3-50.3kJ/mol.
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Table 3.4 Apparent activation energy for the permeation of aromas E;.) and water (Ejw) based on
permeation flux, activation energybased onthe permeability coefficients of aromas Eps) and water
(Erpw), and the B values characterizing the temperature dependency of permeation driving force for
aromas (B,) and water (Bw) at different feed aromaconcentrations Ca).

Cs, ppm  Esa Epa Ba Eow Erw Bw
Diacetytwater 50 27.3 -16.4 436 45.2 1.6 43.6
500 46.6 3.1 43.4 43.3 -0.3 43.6
1000 52.0 8.6 43.4 42.4 12 43.6
2500 55.0 11.6 43.4 435 -0.1 43.6
Ethyl butanoatavater 50 27.0 -8.3 35.3 43.3 -0.3 43.6
500 30.3 5.1 35.4 42.3 -13 43.6
1000 29.8 -5.6 35.4 45.0 0.4 44.6
2500 27.4 -8.0 35.4 48.1 2.6 455
2-Heptanonewater 50 37.1 -8.5 43.9 46.7 3.2 435
500 37.4 -8.5 43.9 47.8 4.3 435
1000 34.3 -6.6 44.0 44.9 1.3 43.6
2500 37.4 -6.9 44.3 50.3 6.8 435
Hexanoic acidwater 50 40.5 -31.1 71.6 46.8 3.3 43.6
500 49.4 -17.3 66.7 45.6 2.0 43.6
1000 53.2 -11.9 65.1 45.4 1.9 43.6
2500 62.5 -1.2 63.7 45.1 1.5 43.6
Ethyl hexanoatevater 50 31.0 -12.5 43.5 47.9 4.3 435
100 32.6 -10.9 43.5 48.1 4.5 435
300 32.2 -11.4 43.6 475 4.0 43.6
500 28.4 -15.1 43.6 47.0 3.4 435
Nonanalwater 10 42.7 -3.8 46.5 47.2 3.6 43.6
30 43.3 -3.1 46.4 45.6 2.0 43.6
50 41.4 -5.0 46.4 46.2 2.6 43.6
Indole -water 50 80.7 21.6 57.6 47.0 3.4 43.6
100 93.8 35.9 57.6 48.7 5.1 43.6
200 98.5 40.9 57.7 46.5 2.9 43.6
900 100.2 42.6 57.6 47.3 3.8 43.5
Dimethyl sulfonewater? 50 35.5 - - 43.3 - -
500 33.0 - - 48.3 - -
1000 38.3 - - 48.0 - -
2500 36.1 - - 47.9 - -

2 The Epa, Erw, Ba @andB,, for thedimethyl sulfonewater system were not available due to the lack of the
data of activity coefficient of dimethyl sulfone in its dilute aqueous solution.
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According toFeng and HuandlL@96) it is the activation errgy Epi (which characterizes the
temperature effect on the intrinsic permeability of the membrama¢her thanthe apparent
activation energyEs), that trulyrepresergthe activation energy for permeation in thembrane.

Epi can beestimated by subtcting the heat of evaporatio®’Q ) of the permearfrom Ej when

the activity coefficients of the permeating species are not significantly affected by temperature
change or when the activity coefficients are not readily available. In this studevén the
activity coefficients of the aroma compounds change considerably with temperature because of
the dilute solutions involved, as shown in Appendix A. Therefore, we directly calctafeom

the slope of permeability?() vs. 1000T based on Ecaation 3.2. The effestof temperature on
permeation driving forcel(Fi) for the aromas and water molecules can also be approximated by
anArrheniustype equation

N 0 3.

0"0 '0"OA PDTmy (
whereO "Ois a preexponential factory value characterizes the temperature dependence of the
permeation driving force. Therefore,

0O O o (3.

The calculatedd andd ‘O 'O values for aroma compounds and water at different feed
concentrationare listedn Table3.4 as well.

It can be seen froMable3.4 that at a low feed aroma concenitratof 50 ppm,heEpa values

for thearoma compoundarein the order oindole> nonanab ethyl butanoate 2-heptanone
ethyl hexanoate diacetyl> hexanoic acidTheEpy valuesfor water permeation were not affected

significantly by the aromas pretein feed.In general, th& andd values were significantly

higher than the correspondiig. andEpw values, which indicates that theereases in permeation
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fluxes of aroma and water as a result of increased temperature are mainly attributed to the increased
driving force for permeation.

As shown by the data presented Trable 3.4, among the aroma compounds (except for
dimethyl sulfone, for which the aroma permeability cannot be evaluated due to the lack of activity
coefficient at given concerattions and temperatures), only diacetyl (at-23800 ppm) and indole
showed an increased permeability with temperature (po&itiwalues), while the permeabilities
of the other five aromas decreased with temperature (i.e., negatixadues) By definition, Epi
is equal to the activation energy of diffusidip() plus the enthalpghangeof dissolution of the
permeant irthe membraned&H;) (Feng and Huang, 1996 is generally positivebecausean
increase in temperature generally enlarge$rfevolume in the polymenatrixand increases the
diffusivity of a permean(Kulkarni et al., 2003; Peng et al., 200Blowever,aH; is usually
negative because of the exothermic sorption pro@e€sdiu et al., 2005) and the solubiity
generally decreases with an increase in temperdtusethe joint contributions of the two factors
to the permeation process that determine whetheEghis positive or negativeThe negative
values ofEpi for ethyl butanoate, ethyl hexanoateh&ptanone, hexanoic acid, nonanal and
diacetyl (at 50 ppm) appear to suggest that temperature has a greater impact on the sorption of
these aroma compountigan on diffusionOn the contrary, e positive Ep; values fordiacetyl
(500-2500 ppm),indole and water appear to show thdhe diffusion aspect was affected more
significantly than sorption for these compounds

Theimpact of temperaturen enrichment factodepends on the apparettivation energy
of thetwo components to be separatéd.shownin Figure3.10, ethyl butanoate, ethylexanoate
2-heptanone, dimethyl sulfone and nonanal leagkr enrichment factaat highertemperaturg

over all the concentration ranges studied h€hgs is becausthe apparent activation ergiesof
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these aromawerelower than that of wateM@ble3.4). In other words, the permeation of aroma
was facilitated less significantly than water permeation when the feed temperature increased. In
contrast, thenrichmenfactorof indoleincreasd with temperaturein accord withits higherEja
than wateEjw). At a feed aroma concentration of 50 ppm, the enrichment factors of diacetyl and
hexanoic acid increased with increasing temperature, but the oppesidentas observed when
the feed concentration was significantly high. These trends are also consistent with the variation
of Esafor diacetyl and hexanoic acat different feed concentrations.

In general, PEBA 2533 showed a good performance for dainysaemrichmentPEBA 2533
compared favorably witbbther commonly used membranasshown inTable3.5. One can see
that, under similar operating conditions, PEBA 2533 performed better than PDMS, POMS, EVA
and EPDMin terms of arora flux, andit providedmore balanced aroma enrichment for both oil

and watetbased aroma components
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Table 3.5 Separation peformances of membranes on recovery of aromas from their agueous solutions.

Aroma Membrane T, C Xaroma PPM Jaroma 9/(MP.h) b Ref.
Ethyl butanoate PDMS 35 100 - 158 (Djebbar, et al., 1998
POMS 35 300 0.01 118 (Sampranpiboon, et al., 2000
EVA 25 100 2 655 (Pereira, et al., 2005
EPDM 30 100 0.41 50 (Huang, et al., 2002
PEBA 2533 36 100 2.44 160 This study
Ethyl hexanoate PDMS 25 100 - 213 (Pereira, et al., 2005
POMS 35 300 0.02 244 (Sampranpiboon, et al., 2000
PEBA 2533 36 100 3.04 154 This study
2-Heptanone PDMS 30 100 0.03 18 (Overington, et al., 2008
POMS 30 100 0.04 23 (Overington, et al., 2008
PEBA 2533 36 100 2.65 138 This study
Diacetyl PDMS 35 100 0.08 15 (Baudot and Marin, 1996
PEBA 2533 36 100 0.32 16 This study
Hexanoic acid PDMS 30 100 0.09 2 (Overington, et al., 2008)
POMS 30 100 0.09 2 (Overington, etl., 2008)
PEBA 2533 36 100 0.2 10 This study
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3.3.3 Recovery of aroma compounds from their multicomponent feed solutions

The pervaporation of multicomponent (multiple aroma compoundsater) feed solutions
was carried outto determinewhether there wsaa coupling effect amonghe permeating
componentsFor this purpose, the pervaporation behavior was compared to the pervaporation
performance of the binary feed solutions (i.e. a single aroma compound + Wagenfluence of
feed concetration and temperature on the coupling effect was studied as Wake
multicomponent feed solutiongth different aroma composition$4ble3.6) were selected based

on the aroma solubility in watefhe operating temperatunas in the range of 265 °C.

Table 3.6 Multicomponent feed solutionswith different aroma compositionsused in experiments

ConcentrationEthyl Ethyl Hexanoic Dimethyl Total arom:
in feed (ppm) hexanoate butanoate 2-Heptanone Diacetyl Nonanal acid Indole sulfone

Solutionl 50 50 50 50 10 50 50 50 360
Solution2 100 500 500 500 15 500 100 500 2715
Solution3 300 1000 1000 1000 30 1000 200 1000 5530

3.3.3.1 Coupling effect among permeating components

Pervaporatin experiments witlmulticomponent feed solutiadh(nonanal, 10ppm; the other
aroma compounds, 50 ppm epalerecarried outat 36 °C. For convenience of comparison, the
aromaflux for multi-component permeation was compared with the aroma flubiriary aoma
water feed solutioat the same aronw@ncentration

Figure3.11 compares the fluxesf eacharomacompound in binary and multicomponent feed
solutions.It can be noted that the permeation fluxes of ethyl hexanoate, etlayidame¢, 2
heptanone and nonanal in the multicomponent system were not significantly lower than their
respective fluxes in their binary systems at the same concentrations. While the fluxes of the other
four aromas, which were much less permeable, were atsesignificantly by the presence of
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other aroma compounds in the feed. This indicates that coupling effects among the aroma
compounds exist in current system, ahéd slowpermeating comonens tenced to be more
sensitivethan fastpermeating componerid the coupling interactiors among the permeating

species.

The coupling effectmay result from two aspects: a decreased aroma solubility or a decreased
aroma diffusivity in the membrane. It may be perceived that the membrane had fixed adsorptive
sites to oganics, and thus adding other aroma compounds in feed could lead to competitive
sorption of the aroma compounds in PEBA membrane, resulting in lower solubility of each aroma
compound. Water permeation flux (195.5 gt was not significantly affected bige presence
of multiple aromas in feed. It can thus be assumed that membrane structure and the free volume
inside membrane did not change when multiple aromas were present. Therefore, after adding other
aroma compounds to the feed, the competitive diffusimong aroma compounds inside the
membrane could occur, leading to a lower diffusivity of each aroma comgBerehdsen et al.,

2006) The enrichment factors of aroma compounds in the multicomponent feed solution were

lower than those in their binary feeds,@esented ifigure3.12.
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Figure 3.11 A comparison of aromafluxes for binary (a single aroma + water)and multicomponent
(multiple aromas + water)feed solutions.The multicomponent feed solution had a composition of 10
ppm nonanal and 50 ppm for the other seven aroma compoundBhe individual aroma concentration
in binary feed solutions was the same as that in the multicomponent feed solut®m emperature:
36 °C.Permeate pressure: 400 Pa.
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Figure 3.12 A comparison of aroma enrichment for binary (a single aroma + water)and
multicomponent (multiple aromas + water) feed solutions.The multicomponent feed solution had a
composition of 10 ppm nonanal and 50 ppm for the other seven aroma compounddie individual
aroma concentration in binary feed solutions was the same as that in the multicomponent feed
solutions. Temperature: 36 °C.Permeate pressure: 400 Pa.

To quantify the coumg effect, Raisiet al. (2011)used the ratio of the flux ofraaroma

compound in the multicomponent mixture to its flux in the binary solution as a meaghee of
coupling. Thisraticanke® cal |l ed as :Acoupling factoro

0

8 (4.

where C, is the coupling factor for componentt is the permeation fluxof aromai in a

multicomponent systend, is the permeation flux cdiromai in its binary(aroma + vater)feed

solution.

A coupling factor of lindicates that there is no coupling between the compound of interest
and other components the multicomponent feg. A coupling fator higher than indicatesthat
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the permation of a compound issnhaned by tle presence of other components in the feed;
coupling factor lower than thdicatesthatthe permeatiomf the compounds retarded byther
compounds in the feed solutiofhus, he deviation of a coupling famt of an aroma compound
from 1 represents th significance of the coupling effedihe coupling factors for all theight
aroma compounds with feed solutionafie presented ifigure 3.13. Comparing to the other
aromas, the flux of dimethyl sulfone was reduced most signifiz due to the coupling effedTi(

= 0.18), followed by indole( = 0.37), hexanoic acidX = 0.52) and diacetyl@ = 0.57). The
coupling factors oéthyl hexanoate, ethyl butanoaBheptanone and nonanal were in the range
of 0.870.94, indicating ltat therewas only a small decrease in their fluxes as a result of the

coupling effects among the aroma permeant in the multicomponent system.
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Figure 3.13Coupling factors of aroma compounds. Feed compositn: Solution 1 (composition shown
in Table 3.6). Temperature 36°C. Permeate pressure 400 Pa.
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3.3.3.2 Influence of feed aroma concentration and temperature on coupling effect

As the concentration of each aroma compounkases, on one hand, the competition among
aromas in terms of sorption into the membrane and diffusion through the membrane could be more
intense, which could further reduce the coupling factors of the aroma components in the feed
solution. On the other hd, the membrane was likely more swollen when more aroma compounds
were sorbed into the membrane, which could lead to an enhancement in the coupling factors of the
aroma compounds. Therefore, it was of interest to study the permeation behavior of aroma
compounds when their concentrations were increased. The effects of temperature were also studied

So as to determining how the coupling effects were influenced by the operating temperature.

The influences of feed aromaconcentrationand temperaturen the couding effectsare
shown inFigure 3.14. It can be seen thdahe coupling facta for all aroma compounds were
smaller than 1, anditt an increase in th@omaconcentrationn thefeedsolution their coupling
factors decreasedignificantly. This indicates thathe competition among aroma compounds
during the sorption and diffusion processes became more dramatic at higher aroma concentrations
Lipnizki and Hausmanng2004) also found thatthe coupling factor deperatl on the feed
concentrationand an increasean the concatrations ofother aromacompoundsin the feed
increased the coupling effect on the permeatiori-pfopanol.One should note that if the
concentration of any componentthrefeed changg the coupling factors of aromas are expected

to change.

In generalthe temperature dependencetloé coupling factorwas not significant forhte
permeation oéthyl hexanoate, ethyl butanoatéh@tanone, nonanal, dimethyl sulfone and indole.
However,as the temperature increaddrom 25 to 65°C, the couplingfactors br diacetyl and

hexanoic acid increased consideral#ly a higher temperaturéhe diffusivity of the permearg
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increasedput the solubility ofthe permeantsdecreased. The increase in coupling factors for

diacetyl and hexanoic acid mde attributed to he joint effects of enhanced diffusivity and

reduced solubility at different degrees
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Figure 3.14 Effect of feed concentration and temperature on coupling factors for (a)-Beptanone, (b)
ethyl butanoate, (c) ethyl hexanoate, (d) nonanal, (e) dimethyl sulfone, (f) diacetyl, (g) hexanoic acid
and (h) indole at a permeate pressure of 400 Pa.
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3.4 Conclusions

In this part of the study, eightodelaroma compounds were recovered from thaiary

and multiconponent feedsolutionsby pervaporationusing PEBA 2533 membraseThe

following conclusions can be draw®:

(1)

2)

3)

(4)

PEBA 2533 was rsedexfthweardf emma th@mp ofurnodns st
t heir aqgqueWousatsiolleutairoonnsaa compounds tended t
Wi talm i ncrease in feed ar oma & otdhcee nnrereabtri @ n
pesml ecttbihger bgpna compoundsTheh ainrgeerde aasse wierl |l ar
was mainly attributed to t heThiencwaetaesre df |durxi
not sigaffexcywattHe feed exreerh efad ravacmes 2
system, for which water flux increased wit
Incrienags t e mp e c adebaostehh ar o ma anperweetaetri on flo
significantly, and the temperatur et ydpegende
cotmeée.i ons

At | ow aroma concentthampaoeamst (acti gatStOh ep pe
per meat i onExoMasarioomatsh a(derr @rea>rhaelk anorP2 aci d
hept aarddmest hyIl> et lhfyd nxh edkiaanmaath yell bAISf aedat e
aroma concentr aKavoan uiersc rfeoars eidn d otl hee, hexanc
i ncreased Thiegraipfpiac &amtt| ya.ct i patrimerfEi)ewaasr gy f
relatively constawitkeor sybBe¢ edsf edt ¥t i @amar,

and a&whvatbes for water per42e3BQk dnmavler e i n
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(5)

(6)

Ther ec wepdefifnegec t tshe per meati on ionf nuhl et iaprloemaa
sysdlem gemerpéimba i ndividual deasmend bympabae
presence of ot hpmre @ad mfiteeae dcompounds

The coupling effect on the peedndadei oma of t
concentt afee ®ch paemdt o ng .t eAmmp eirmtthueaes eedn ar o

concengemdiimbinfdgasecoupl i ng ae fofmac tc o.anphmee ntt Is

coupling epeemeatihhen atfoena components wer €
affected by temperatur e, except for the pe
experienced iaan tihredrreacsoupl i ng factors when

from 25 to 65 AC.
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Chapter 4

Recovefr yDairy Ar oma C8mp eAu gpodivda f € o m

Solutbyregs vaporati on: Batch Oper a

4.1 Introduction

In additionto continuous operation, batch operatiminpervaporatiorwas conducted in
this study. For industrial application a batch operation isometimespreferred if the feed
concentration ofaromacompounds is relatively low (ppm levels) or the amount of feed
solution is small. Generally, in lab scallee batchprocess mayun for several hourand he
permeate stream is continuously collected while the retentate stream is recycled back to the
feed tank for further separation. As pervaporation proceeds, the deachaconcentration
decreases, while tromacompoundsecoveredvill be accumulated.

In this study, batch pervaporation experiments fordna@macompoundgethyl butanoate,
ethyl hexanoate,-Beptanone, hexanoic acid and diacetyl) were conduttesl.other three
aroma compoundéonranal, diméhyl sulfone and indolewere not selected in this part of
study, becausehe solubility of nonanah wateris too low (< 0.1 g/Kg) and the permeation
fluxes of dimethyl sulfone and indolevere too small, which make them not perfect aroma
candidates for wdeling the batch pervaporation proceshree parameters (feemtoma
concentrationoverall aromaconcentrationin the acumulated permeatandaromarecovery
rate) were analyzed Experimental results were fitted to the model proposed by Feng and
Huang(1992)(see sectiod.2).

As mentioned inprevious chapters, organophilic membramssially exhibit a high

selectivty for aromacompounds from their agueous solutions. In cageadvery of certain
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aromacompoundsthe permeate conciation attained can exceed thswlubility limit in
water, and thus the permeate stream vd spontaeously separated into two phasan

organicphase and aaqueouphase. Therefore, a calculationtilé mass of aroma compound

in theorganic phasas a functiorof operating time was alssitempted

4.2 Modelling of batch pervaporation

In this study, we used thifeeng and Huang modé992)(equations 5.6.4)to simulate

batch pervaporation

o 6Qon 2%
0 = W Wah (5.
(0] LW W
O eQon e
& W (5.
o~ A Qw
PO T %
0 O p Qwn R (5.
y 00 O Qo (s
oo P e &% :

wheret is the operating timeXo andFo are the initialaroma massoncentrationn feedand
the initial feed massamount, respectivelyA is the membrane arexX and Y are the
instantaneousroma mass concentration time feed and in the permeatat a given time,

respectively;] is the instantaneowwoma mas8ux at a given timeyYm andM are respectively
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theoverallaroma concentration and tt@al massof the accumulated permeatethat time;
'Y isthe recovery rate of treromacomponenat that time

To use this model, the relationships ®wand® & are required, which can be obtained
from steady state pervaporatiaith binary feed solutionat given concentratior(f€hapter 3).
They ae listedin Table 4.1.Fromthis information, the quantities, Y, J andb (enrichment
factor) asafunctionof batch processing time can be caloedatn this studyX, Ym andR are
of particularinterest as they represent the concentration of arnonthe aromeaenriched

permeate produend the aroma recovery.

Table 4.1 Fitting equations used inthe simulation of batch pervaporation

Aroma comEquat iJog&(hmf)Equat iYOpp mdf RangX(mn

Di acetyl 0 pm® T8 NE O X pmed wc¢mwY50 X< 250
cC® 1@’ 50 X< 250

mMinwy pwdrgp 50 X< 250

T TTYXOY p o @ 50X< 250
T8 ¢ ¢ p o& B 50X< 320

Hexanoic 0 1m8n1a¢

Ethyl butov p pnd m8tod
22Hept anonew ¢ pmd TP

®
®
o
Et hyl hex o ¢ pnd m8rglg ©

The mass ofiroma(0 ) in the organic phasef the accumulategrermeateif phase
separation occurgs a function obperating timavas developed as well. Lét (g aroma/ g
water)bethe organiqaromacompound herejolubility in water at room temperature, aint
(g water/g aromape the water solubility inhe aromaat room temperaturdVhen phase
separatio occurs letd  be the mass of water in organic phase,@nde the mass of aroma

compound iraqueouphaseThed andd can be described as

~

O 0y (5.
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0 b 0 0 — (5.

On thebasis of mass balance, ttwal mass of aroma compound in accumulated permeate

product can be described as
Dw L0 O (5.

Substituting Equations 5.5 and5nto Equation 5.7, we obtain

v (5.

Then substituting Equations 5.2 and ift® Equation 5.8theaccumulateanass otheorganic

phase irthepermeata) as a function oK andY can be calculated

0 O QY Y & &Y YQh | 2w

oYY

It should be noticad that this equation an be used only when theverall aroma

concentration in thaccumulated permeate () is higher tham—. When Ynis lower than

——, no phase separation will tagiace

102



4.3 Experiments

4.3.1 Feed solutions

Binary agueougeedsolutions consisting of one of thdairyaroma compounds (i.ethyl
butanoate, ethyl hexanoatesh@ptanoe, diacetyl, and hexanoic acidlere used as feed
solutions in the batch pervaporation experimeB@sed onthe solubilities of the aroma
compound in water, the initialaromaconcentrations wergelected to b500 ppm forethyl
butanoate 2-heptanongdiacetyl and hexanoic acid and 320 ppm for etigdanoate The
volume of the initial feed solutions was 500 firoughout the experimentEhe solubilities
of aromacompoung in water {Y) and the solubilityof water inaromacompounds™) are
listed inTable4.2; the solubilityof water inaromacompounds™{ ) were obtained usingspen

plus V8.0 UNFAC equation.

Table 4.2 Aroma solubility in water and water solubility in aroma compoundsat 25°C.

Ar omas Y2 (wat/gmron Y(gr ogwmate Reference
Di acety 270 16 25010 Yal kowsky
Hexanoi 10010 .16 Yal kows ky
Ethyl b 130 16 5. 7158 Pereira et
22He pt an« 257 106 403186 Kirk and O
Et hyl h 5. 0199 460 10 Pereira et

Binary feed solutionsvere used instead ofiulticomponentfeed solutiors in the batch
study consideringhe significant coupling effecimongaromacompounds The coupling
effect will make it hard tanodelbatch pervaporatiobhecause detailed information of aroma

permeabilities during thentirecourse of batch pervapmtion is unavailable at present.

103



4.3.2 Pervaporation procedures

The membranes used in this chapter were the same with those in Ch@ipteoferating
conditiors were the same as those in Chapter 3 (feed flow ratel.14 L/min feed
temperaturg6 °C andpermeate pressud®0 Pa. Each batch operation was run for 9 hours.
Two cold traps were installed in paraltel collect the permeatsamplescontinuously The
permeatesamples werecollected inthe cold trap on an hourly basjsand he aroma
concentratia in the permeate sampl@as used to approximate the instaneous permeate
concentrationduring the batch processThe variations infeed concentratiomluring batch
pervaporatiorwas also monitored every half an holine aroma concentration ascumulaed
permeate anthe aromaecovery rate were obtainém the massand concentration of the

permeate samples.

4.4 Results and discussion

4.4.1 Model validation and evaluation of aroma-water separation by batch

pervaporation

The experimenal resultsand model preditions for aromarecovery from aqueous
solutionsare plotted in Figure4.1-4.4. The experimentatlata(symbok) agree with model
calculationglines) well. Thisindicatesthat themathematial modeland the fitting equations
listed in Table4.1 are adgquae for batch pervaporation to extract aroma compounds from
water.

Figure4.1 showshow the concentration of aroma cgraund on the feed side decredse
with batch time.The concentrations ofthyl butanoate2-heptanoneand ethyl lexanoate

declined quickly in the early period and the decrease a®x slower as pervaporation
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proceededThedecrease ithe concentration adiacetyl anchexanoic acidn feedwasmuch
slowerthanethyl butanoate2-heptanonand ethyl hexanoatdherateof depletionin aroma
compounds in the feaalas in the order o2-heptanone ethyl butanoate ethyl hexanoate
diacetyl > hexanoic acidThese resultdurther illustratethat ester and ketoneompoung
normally have higher fluxes thatids.

The recoery rates of tharomacompoung as a function of operating time are plotted in
Figure4.2. The recoveryateis defined as the ratio of thetal massof aromacompound in
theaccumulateghermeatdo itsinitial massin the feedThe increasein the recovery rates of
ethyl butanoateethyl hexanoatand2-heptanone@eremuch faster than thosé hexanoic acid
and diacetylFor a batch time of@hours, a high recovery rabé 78-88% wasachievedor 2-
heptanongethyl butanoaterad ethyl hexanoatevhile only 815% hexanoic acidnd diacetyl

were recovered in the perme&bethe same period of time.
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Figure 4.1 (a) Depletion of aromaconcentrationin feed(X) and (b) ratio of X/Xo (Xo is the initial
aroma concentration in feed) as pervaporation proceeds with time Symbols represent
experimental data; solid lines represent model calculations.
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Figure 4.2 Enhancement of apma recovery rate aspervaporation proceeds with time Symbols
represent experimental data; solid lines represent model calculations.

Whenbatch pervaporatioprocee@d with time,the overallaroma concentration itihe
accumulatedpermeate decreageas shown inFigure 4.3. This is becausas permeation
continuedthefeedaroma concentration decreasandhe aroma flux decreag@ccordingly,
while thewater flux did not change significantlyt is worth to notice that although the
permeatio flux of 2-heptanonewas higher than that okthyl butanoate the overall
concentration of2-heptanonein the accumulated permeates lower than that ofethyl
butanoatdor the firstseveralhours.This is becauswater permeatiofluxes were different
from the two feed solution3he water fluxfor pervaporation of -heptanonavater mixture

was higher than thator the pervaporation of ethyl butanoatater mixture whenthe feed
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aromaconcentration decreadfrom 2500 to 1000 ppnbésed orthe permeatiorflux data of
binary solutions at different concentratignsA higher water fluxwill dilute the overall
concentration of aroma compounds in the accumujsetieateOne also needs to notice that
when the overall aroma concentration of the accumulatedgage reachdts solubility limit,
phase separation will occur, which meangeganicphase with a high aroma concentration

can be obtained.
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=) 450 i\ O Exp. Ethyl butanoate
g . Exp. 2-Heptanone
13} 400 - O Exp. Ethyl hexanoate
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Figure 4.3 Overall aroma concentration inthe accumulatedpermeateas afunction of batchtime.
Symbols represent experimental data; solid lines represent model calculations.

Among the five arom compounds investigatetbr the batch pervaporatiorethyl
butanoate, ethyl hexanoate, antiéptanonainderwentphase segation of their permeats.

Figure 4.4 shows thecalculatedmass ofaroma compounds in therganic phase of the
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accumulategpermeate as a function of timét first, the mass of aroma in the organic phase
increased with time untik reached a maximum valu&his corresponds to the moment at
which the instantaneous permeate concentration reached the soliufitlitf aroma in water.
The operating time at this moment is considergti@sptimum operating timend afterwards
the mass ofaroma in the organic phasgell begin to decreasavith time. The organic phase
will then gradually disappearwhen the overall aromaconcentrationin the accumulated
permeate was lower than aroma solubility limit in water.

This phenomenon can beainedbased orthe phase equilibriunn the early period of
permeation, theverallaroma concentration in the accumulated permeate was above the aroma
solubility in waterandso as the permeation proceeded, the mass of aroma in the organic phase
of pemeate kept increasing. Howevieoththearoma concentration instantaneous permeate
and theoverall aroma concentration accumulated permeatkecreasd with operating time,
and thearomaconcentrationn instantaneous permeate decreased more quidkhen the
aroma concentratioim instantaneous permeate beealower than the aroma solubility limit,
the newly collected permeate wowddd to the aqueous phase of #teumulategermeate.
Thereafter, aroma in the orgambase wouldjyradually enter thaqueous phase to reach new
phase equilibriunand the mass dhe aroma compounih the organic phase auld decrease
If there is sufficient water collected in the accumulated permiseterganic phaseould not
exist, leading only to amqueous phase tfe permeate.

The optimum operating time can be calculated by equ#tiegnstantaneous permeate
concentrationY) to the aroma solubility limiin water("Y). Table 4.3 showsthe optimum

operating timeorresponding tthemaximum aroma mass in the organic phaseotimulated
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permeateThereforejt is suggestd that for practical industrial batch operations, the organic

phaseshould be removed frothe permeatbeforethe optimum operating timgas reached

Table 4.3 Maximum mass of aroma compounds irthe organic massand optimum operating time.

Paramet er sDi aceHexanoi Ethyl bu2heptartEt hyl h
Maxi mum mea

aroma in t- - 1.16 1.18 0.15

phase cf (¢

Optimum ti- - 2. 27.1 321
1.5

— Model. Ethyl butanoate
1 Model. 2-Heptanone
1 =—Model. Ethyl hexanoate

Mass of organic phase in permeate, g

20 30 40 50
Operating time, h

Figure 4.4 Mass ofaroma compound in theorganic phase ofthe accumulatedpermeate as a
function of time.
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4.4.2 Effect of Fo/A on batch pervaporation

For aromacompounds (such as diacetyl amekanoic acifithathad alow permeation
flux, averylong operating timevas required to attain a sa@storyrecovery rate, which is not
favorable in industryTo improve théatchpervaporatiorefficiency, the effect othe quantity
of feed solution to be processed per unit membranglg#g on aroma recovery trough batch
pervaporation was investigateédariationsin Fo andor A would be reflected in th&o/A ratio.
Among the five aroma compounds studiadthis chapter, idcdyl had the second lowest
recovery rate within a given period of time (the recovery rate of hexanoic acid was the lowest),
and its recovery from dairy products is of more interest than hexanoic acid baBSepien
2.2. Therefore, diacetyl waselected as a representatar®@macompound in this pauf the
study

Figure4.5 shows thecalculatecconcentratiorof diacetylin the feed tankandits recovery
rateas thebatchpervaporatn proceededt various Fo/A) values. Clearly, the operating time
needed for a good aroma recovdgpend on the ratio of Eo/A). A low (Fo/A) ratio means a
large membrane aremnd/or a small initial amourdf feed solution It is reasonable to use a
(Fo/A) ratio that is sufficiently low so that a good aroma recovery can be accomplished within
a reasonable period operating timeThe calculation results showed thatibk only18 hours
to recoveralmost all thediacetyl from feed wheRo/A was10kg/m?. However, wienthe Fo/A
ratiowas increased t60 or 226 kg/m?, 88 hours oreven longer timevasneededo reach a

almost100% recovery of diacetyl
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4.5 Conclusions

Based on the batch pervaporation stuldg,following conclusions can be drawn
(1) Depending on the iar oweattdsre | pbr meape b&onc t mu
phase separated i f the@eowmerdlelt rsa saithawdc dncte
(2) I n orgdestaxt mumma concentration domgaimiec peh ang
i hhpeer medt phaseoceypan atr iemeodvr o m t draewlpeer m
t hienst and mmmanucse nit m aptehreme aetei ng t he membr an
become |Ibwerasmodb@adi liint waltiemi t
(3 The r eocfovaerroyma compound fr ewmaiinfsl wefc®d sb yf

for mpegriivbedt ol operating ti me.
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Chapter 5
Ef fect -voofl aNoinl e Components on Pervapo

Ar omas

5.1 Introduction

Thepervaporation results with model feed solutians expected tdiffer from theresults
with real dairy mixturesSugars (mainly lactoseproteins (caseins and whey proteins),dat
saltsare the maimonvolatile components of dairy products. Their concentrations in milk are
guite low ascompared to water, which represents more ti# 8f the total weightBaudot
and Matin, 1996)In pervaporation, no significant sorption and diffusion of thesevuotatile
components in a dense membrane are expeatedthayare unlikelypass he membranes
(Aroujalian et al., 2006; Baudot and Marin, 1997; BaudotMatin, 1996)due to theithigh
molecular weight (fats, proteins, sugarsklectric charge (proteins and salts)or low
volatilities. However, the notvolatiles may alter thehermodynamic behavioof aroma
compounds in the feed as a result of intecastiwith aromagBaudot and Marin, 1997; Baudot
and Matin, 1996; Dotremont et al., 1994; Martinez et al., 20Adr)instance dcto® contains
many hydroxyl groupsand thus may beable to bind certairaromacompounds through
hydrogen bondin§Overington et al., 2011Proteins(e.g., @seinsand whey caninteract with
aromacompound by two types of binding: reversible (physicochemical) bindinguding
hydrogen bonds, hydrophobic interactions, and ionic boads irreversible (chemical)
binding via covalent linkagg&ihn et al., 2006a)fats can dissolveome aroma compounds
and thus influence their partial press@gehirleKeller et al., 1994)The effectsof salts in

dairy producton pervaporativeecovery ofaroma compoundshould be a balance between
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thefisalting oud effect and theegativeeffect of the increased viscos{iylartinez et al., 2013)
Therefore, during pervaporation, the interactions between aroma compounds and lactose, milk
fat, milk protein or salts that are present in the dairy solutionsimflagncethe recoveryf

the aroma compounds.

In spite of many studiesn the interactiombetween these nevolatile compounds and
aroma compunds, very limitedvork on how tle interactiors affect pervaporatiomas been
published. Therefore, the gose of this part of thdludy was to investigate the effexbf the

nortvolatile components on the pervaporative recovedaify aromas.

5.2 Experimental

5.2.1 Feed solutions

Ternaryfeedsolutions containing a single aroma compound, avubatiie component
and water were used in therpaporation experiment3.he aromacompoundaised were the
same as those described in Chapters 3 arfdhely were reagent grade and were purchased
from SigmaAldrich Corporation.The concentration of eacdromacompoundin the feed
solutionswas50 ppm, ad the additionahon-volatile dairy ingredientsvereas follows:

(1) Lactoseg(from NOW Foods Inc99.9% purity) Lactose concentrations used in this study
were in the range of-B wt.% This range was selected becauagydproducts normally
have a lactoseelel in range of3-5 wt.%. Raw cow milk contains -5 wt.% lactose

(Tsenkova et al., 2000)

(2) The concentration ofvhey protein isolateg(from Bulk Burn Food Limited) was in the

range of 83.5 wt.%. The concentration range wssected according to the protein
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contents in milk, cream, cheese and yogditk andyogurtcontain3.2-3.5 wt.%protein

(USDA National nutrient database, 2015)

(3) 35wt.%tablecream(produced by Neilson Dairy). It contains 388% milk fat. Various
cream/water ratios were applied to prepare the mixture containing 0 wt.%wt%.tat.
This range of fat concentration covers the fat conteravircow milk (around 35 wt.%

(Tsenkova et al., 200@nd some other daigyroducts (e.g., whole milk, skimmed milk,
yogurt)
(4) Sodium chloride (NaCl) (from Sigmaldrich Corporation). NaCl concentrations were in

the range of 2 wt.%. Most dairy products (e.g., milk, butter and cheese) contair20.05

wt.% NaCI(USDA National nutrient database, 2015)

The feed solutions containing lactose, protein and fat placed at 4C for 24 hto reach

equilibrium between aromas and these-molatile components and then the mixture was

heated to 38C for pervaporation studies.

5.2.2 Membrane and pervaporation procedures

The PEBA membrane and the pervaporation setup uskis ichiapter were the same with
those in Chapters 3 and 4.&/membrane thicknesgas25¢& mThemembrane was mounted
onto the permeation cell with an effective membrane area of 22 85 bmfeed solution was
continuously circulatedt a flow rate ofl..14 L/min through the membrane cell and back into
the 1000 mL feed tank, using a circutetipump.The permeate pressure was maintained at
400 Pa by applying aacuumpumpon the permeate side. The temperature of the feed solution

was controllechat 36 T using a heating mantsnda DynaSens@ Thermoregulator Control
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System, and a thermomet&he permeate sample was condensed in a cold trap immersed in
liquid nitrogen (around196°C).

After eachpervaporation run, theermeate sample was collected and weigisdgan
analytical balance. The permeate sampleich was highly enriched in ar@anwasdiluted
with deionized waterand then analyzewith a Shimalzu TOC-500 total organic carbon
analyzer. The detection limit of TOC is 1 ppnilhe standard deviation in the TOC
measurements was * 3%iplicate pervaporation runs were carried out waleteof the feed
mixtures Following each runthe feed side of the pervaporation unit (including the membrane
cell) was rinsed with wateor 1 hour If the feed solution contained proteind fat thefeed
side connectingubes (membrane cell was bypagssdrecleaned first withdetergenfor an
hour and then rinsed with water for another hour; the membrane cell was cleaned separately
with deionized water for an hour.

The pervaporatioperformance was characterizederm offlux and enrichment factor
The pervaporatio data reported was tteverage of three measurements, and the average

experimental error wasstimated to be 26.

5.3 Results and discussion

5.3.1 Effect of lactose on pervaporative recovery of aromas

To study the effect dfactose on aroma recovengingpervaporationThe expaements
were carried out under the following conditiofectose feed concentration in the rang@iof
5 wt.% a feed temperature of 36 and a permeate pressure46f Pa.

Figure 5.1-5.3 show the influences of lactose on water flux, aroma flux and aroma

enrichment factors. Water flux did not differ significantly with the addition-5#@.% lactose
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into feed, which suggests that a small portion of lactose in the feed did not alteactizity
considerably in the feed solution. Therefore, the enrichment factors of aromas, skayunen

5.3, changed with increasing lactose concentration in a similar pattern to the aroma fluxes
(Figure5.2). It can be seen #ithe addition ofactose ¢ the feed mixture resulted decreases

in theenrichmenbof these aromas, except for diacetyl, when compared with their enrichments
from lactosefree feed solutions (i.e., lactose cent 0%). These trends generally agree with
the results of Overington et §2011a) who observed that 6 wt.% lactose indeeegatively
affected the enrichment oft#&ptanone, ethyl butanoate, ethyl hexanoate and hexanoic acid
using a polydimethylsiloxane membra®@her researchers also found that sugars could have
a negative effect on the pervaporative permeation of alcoRofsexample, Aujalian et al.
(2006) found that glucose and xyloseaused a reduction ithe total permeationflux in
pervaporation of a 2% ethanol/water solutiming a polydimethylsiloxane membrane on a
PVDF support, and thaturose also lowered the ethanol selectiviltegami et al(1999)also
reported thathe presence aflucose, lactose, myoinositol and ixgl all loweredthe fluxes of

both ethanol and wat#énrough a silicate pervaporation membrane prepared on a microporous
stainless steel suppothterestingly the flux ofdiacetyl was nosignificantly affeced by the
addition of lactos€Figure5.3), and similar results were also observedRajagopalan et al.

(1994) who used a polydimethylsilaxepolycarbonate copolymer membrane.
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Figure 5.3 Effects of lactose an aroma enrichment. Aroma concentration 50 ppm, temperature
363 , and permeate pressur&00 Pa.

The membrane permeability taromasand water was not expected to be affected
significantly by theaddition of lactose, because lactose can hardly permeate through the
membranelue toits large moleculasizeand lowvolatility (Baudot and Marin, 1997; Baudot
and Matin, 1996; Lipnizki and Hausmanns, 200&)e reduction in the ama enrichmenor
flux should be mainly attributed to the loweregartial pressure (headspace) of the aroma
component by the addition of lactose in the feed. 86% reduction in the content of some
aroma compounds in the headspace has been reported after lactages® @n isomer of
lactose) was added to the aremater solutions (sedable 5.1). On the other hand, the
increasing viscosity after lactose was added in the feed also explains the reduction in aroma
transport through the memim& For the arona compound$o berecoveredatthe downstream

side of the membraney pervaporationthey must first transpoftom the bulk feed solution
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to the surface othe membrane before they can permeate through the membrane. Thus, the
aroma transp will be affected by the increased feed viscosity. Adding lactose in the feed
increases the solution viscosity, and thus slows the migration of aroma compounds to the

membrane surface because of increased liquid phase mass transfer resistance.

Table 5.1 Percentreduction of aroma content in the headspace over feed after addintactose or
sucrosein aroma-water solutions.

% reduction of arome Content of

Aroma (conc. in feed) : Reference
content in headspace sugars added
Ethyl hexanoat¢100 ppm) 78 6 wt.% lactose  (Overington et al., 2011
2-heptanon€101 ppm) 63 6wt.% lactose  (Overington et al., 2011
(75 ppm) 50 60 wt.% sucrose (Nawar, 1971)
Hexanoic acid9.8 ppm) No change 6wt.% lactose  (Overington et al., 2011
Ethyl butanoat€111 ppm) 70 6 wt.%lactose  (Overington et al., 2011

The mechanism that accounts for the depression of aroma in the headspace after addi
lactose to the feed is not very clélstatheis, 1998; Overington et al., 2011; Reineccius, 2006)
One possible reason is hydrogen bonding between lactose and certain (@veragjton et
al., 2011) Indeed, polar alcohols (such as ethanol) have strong tendency to interact with sugars
via hydrogen bonding, and this may it explain the reduction in alcohol flux by addition of
sugars during pervaporation. However, thalimg theory has difficulty to explain why lactose
or sucrose has neutral or positive effects on some polar aromas (like diacetyl, ateare
1971)and polar acetatgKieckbusch and King, 197Pyhich also have the potential to form
! ( E/ bond with sugars, whereas the pervaporaflux or partial pressure of nonpolar
aromas (e.g., ethyl butanoate, ethyl hexanoate dmgptanone) was negatively affected by
sugar.

To furtherlook into the possible reasons of aroma retention by lactose, the percentage

reductions in arom#ux whenlactose content was increased from O to 5 wt.% were calculated:
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dimethyl sulfone (63% decrease) > ethyl hexanoate (50% decrease) > nonanal (43% decrease) >
ethyl butanoate (39% decrease) -heéptanone (29% decrease) > indole (23% decrease) >
hexanoic aciq20% decrease) > diacetyl (no change).

It is interesting taotethatthis is similar to the order of the aroma hydrophobicity (which
may be represented lyg P (octanol/water partitiorwoefficient) Table5.2) or the order of
the polarity of the aromas (which can be estimated according to aromas solubility in water in
Table5.2). It seems that less polar aromas are retained by sugar more significantly, and they

tend to have lower flux in pervaporation

Table 5.2 Log P (octanol/water partition coefficient) and solubility of aroma compounds.

Aroma logP? Solubility, garoma/Kg water
Nonanal 3.171 0.096°

Ethyl hexanoate 2.759 0.46°

Ethyl butanoate 1.705 5.75°¢

2-heptanone 1.822 4.3¢

Indole 2.060 1.9°

Hexanoic acid 1.807 10.82°

Diacetyl -1.976 250°

Dimethyl sulfone -3.586 Miscible®

2 (Howard and Meylan, 1997)
®(Yalkowsky et al., 2010)
¢(Pereira et al., 2005)

d(Kirk and Othmer, 1981)

€Calculated using #pen Plus, sstem parameters are: binary arewster system, aroma concentration
50 ppm, temperature 36

The results of studies on the release of aroma compounds from their dilute solutions
containing sugars can support this postulate. The contents of nonpolgdamohiobic aroma
compounds, heptanone,-heptana(Nawar, 1971)butylberzene(Massaldi and King, 1973)
R-ionone,and naphthalenéDe Roos and Wolswinkel, 1994) their headspacealecreased

considerablywith added sucrosén contrast, the contents of the polar compoutidsetyl
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(Land and Reynolds, 198Imnaltol and vanillifRoberts et al., 1996 their headspace were
not significantly affected by the addition of glucose or sucrose to their aqueous solution. Polar
compounds acetic acid and butanoic g€derington et al., 201.yere reported to have an
30-50% increase in their headspace mole fraction when 6 wt.% lactose was present in feed.
Seuvre et al(2006)studied the retention of six aromas (in a large hydrophobicity range) in
sugarwater mixturesethyl hexaoate and tran2-hexenal whichwere the most hydrophobic
aromas in the group, had the highestentionin the sugafwater mixture, while a lower
retention wabserved fothe more polar compounds (e.g-pentanone, ci8-hexenol and
diacety), and novariation inethyl acetateetention was observed

A plausible explanation dhe above resultis that the equatorial hydroxyl groufsee
Figure5.4) in lactose is possible form hydrogen bonding with water, which could resalt
hydrophobic regiong¢Franks, 1983)Pairwise interactions of sucrosavie been computed to
be favorable and could form a hydrophobic redi®ozak et al., 1968)As a structural isomer
of sucrose, the lactodactose interaction may alsgeatehydrophobic regions, which are

favorable to hydrophobic or nonpolar aronoenpounds.

CH,OH
O_ OH HO .
CHQOH o 0
o 0 OH HO
HO O
OH OH OH
Lactose Sucrose

Figure 5.4 The structure of lactoseand sucrose
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Dimethyl sulfone isn exceptiomompared to the other aromas studied heigsilite most
polar or hydrophilic aroma in this studgut experienced the greatest (63%) reduction in its
flux whenthe aqueous aroma solutions contaibedlt.% lactose.Very little work on sugar
dimethyl sulfoneinteraction is availableHowever, the depression of dimethyl sulfone flux
may be partly explained by the nature of the stdftygen bonding in dimethyl sulfor{€lark
et al., 2008) Through mtural bond orderralyss, Clark et al.(2008)found that the sulfur
oxygen linkages are not double bonds, as wigelsceived, but rathethey are coordinate

covalent single § O' bonds in which both shared electrons come from the sulfthre

oxygen in dimethyl sulfone shows highly negatectrostatic potentialgndicating its strong
tendency of hydrogen bonding with hydroxyl groups in lactddesrefore, a reasonable
hypohesiscan be made: the effects of lactose on aroma flux in pervaporation is related to the
hydrophobicity or polarity of the aroma compounds. For highly polar aroma compounds (e.g.,
dimethyl sulfone and ethanol), the hydrogen bonds between lactose anahtiaemay account

for the retention of aroma compounds by lactose; For less polar or nonpolar aroma compounds,
the lactosevater or lactoséactose interactions may dominate over the lactwsena
interaction, the possible hydrophobic regions in matrix ldidavor hydrophobic aromas,

resulting in a large reduction in aroma flux.

5.3.2 Effect of whey protein on pervaporative recovery of aromas

Whey protein, &ollection ofglobula proteinsisolated fromwhey; is typically a mixture
of 1 -lactoglobulin(b-Ig) (~65%),4 -lactalbumin((-la) (~25%),bovine serum alimin (BSA)
(~8%), andmmunoglobulingHaug et al., 2007 Similar to NaCl and lactose, whey protein
did not showevident effect on water permeatidnring pervaporationHigure 5.5), butthe
permeatiorfluxesand thus the enrichment facaf all aroma compoundse loweredy the
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presence of whey protein, as showkigure5.6 andFigure5.7. These results are in agreement
with those ofOverington et al(2011) who reported thahe presencef 6 wt.% milk protein
isolatesn the feed solutioneduced the enrichment factors of esters (ethyl butanoate and ethyl
hexanoatg a ketone (zheptanone) andcid (hexanoic acid) in pervaporation using a PDMS
membraneHowever,Aroujalian et al(2003)reported a different effect of protein on aroma
recovery; theyfound the pervaporatio separation of ethanol from2aw% aqueous solution

was not affected by the presence of 10g/L soy protein isolatkesfieed.
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Figure 5.5 Effect of protein on water permeation flux. Aroma concentration 50 ppm, temperature
363 , and permeate pressurd00 Pa
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The reduction in aroma recovery was believed to result from two aspects: (1) The
increased viscosity ohe feed after whey protein was added, which increased the mass transfer
resistance in the liquid phase. (2) Interactions between proteins and aroma compounds, as a
result ofhydrophobic, reversible bindin@glihn et al., 2006b; Landy et al., 1995; Reiners et
al., 2000) The binding of aromas by protein can decrease the partial vapor pressures of the
aroma above the feed solutiptherebyloweringthe permeation fluxesf thearoma through
the membraneTable 5.3 shons theextent of aromaoundwith milk proteinsreported in

literature

Table 5.3 Binding constants of aromas with whey proteins.

Binding percatage of aromalsy milk Binding constant, g/L
proteintested byheadspace analysi%

Nonanal 68° -
Ethyl hexanoate =~ 83249° 863"
2-heptanone 58220° 2704
Hexanoic acid No changé -
Ethyl butanoate ~ 73272° -
Diacetyl 25f -

a2 4 wt.% milk protein isolae was added inaromawater solutionat room temperatureThe
concentrations of ethyl hexanoate, ethyl butanoaltem@anone and hexanoic acid were 100 ppm, 101
ppm, 9.8 ppm and 111 ppf@verington et al., 2011)

® The protein used wasv&.% b-lg, the feed pH was @harls et al., 1996)

€0.5 wt.%milk proteinisolatewas added imonanalwater solutiorat room temperaturdhe nonanal
concentrations was 1 ppfdihn et al., 2008)

dFeed solution contained®wt.%bovine serum albumi(BSA) (Damodaran and Kinsella, 1980)

0.5 wt.%BSA was added inliacetytwater solutiorat room temperaturd@he diacetyl concentrations
was 1 ppn(Guichard and Langourieux, 2000)

In our study, it was shown that thglei aroma compounds responded differently in terms
of their permeation fluxes and enrichment factors to the presence of whey protein in feed.
Whenwhey protein content increased from 0 to 3.5 wt.%, the significance of decreases in

aroma fluxes is in the flowing order:
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ethyl hexanoate (80% decreasd)exanoic acid (68% decreasefcnanal (55% decrease)
ethyl butanoate (49% decrease) > dimethyl sulfone (41% decrease) > Bifblelécrease) >
2-heptanone (31% decrease) > diacetyl (23% decrease).
It is evident that except for hexanoic acid and dimethyl sulfone, the reduction in the
permeation fluxes of aroma compounds generally followed the decreasing order of their
hydrophobicities (represented by activity coefficient andH@fpown inTable5.2): nonanal >
ethyl hexanoate > ethyl butanoate sh&tanone > indole > diacetylhis suggestdhat a
relation between the affinity of whey protein to binding aromas and the hydrophobicity of the
aroma compoundsas an important fact@o consider in aroma recovery by pervaporation.

This consideration is supported by the results of Guichard.andourieux(2000) and
Reiners et a2000) They found a good linear correlation between the hydrophobicityjlog
of aromas and the logarithm of aroma binding constantsbaAlghbasing on a group of aromas
consisting of a series of esters, ketones, aldehydes and lactones, but not including some terpene
alcohols and phenolic compounds. As mentioned befieliggis the main constituent of whey

protein, followedby a -la and therBSA. Therdore, the binding betweeb-lg and aromas

plays an important role in the overall aroma binding on whey prdi:égnhas been determined

to consistof 2 -sheets, formed from 9 strands converging at 1 end to form a hydrophobic
pocket(Monaco et al., 1987; Papiz et al., 198B)e hydrophobigocketis considered to be

the most probable binding site for aroma compoyidgour and Haertle, 1990; Guichard,
2002) Thereforep-lg favors interactions with hydrophobic aroma compouhbs.has been
reported to have weaker affinity to aromas tiely (Kihn et al., 2006a)-la can bind
aldehydes and methyl ketonesvarious extent¢Franzen and Kinsella 1974)asirski and

Kilara (1985)also reported a wedkinding of 2nonanone and nond to U-la. BSA only takes
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8% of whey protein mass, but has been determined to have a fiegtoerbinding capacity
thanb-lg (Kihn et al., 2006a)A staticheadspacanalysisshowed thaBSA at a concentration
as low as 0.5 wt.% could cauae€25% reductionin the vapor pressure of diacetyl over its
agueous solutioflLand and Reynolds, 198lipdicating a vergtrongbinding affinity of BSA
to diacetyl Beyeler and SolmgL974)found he bindingconstantdetween BSA and aromas
decreased in the geenceof aldehydes> ketones> alcohols King and Solms X979)
confirmed thathydrophobic interactionsvere the dominant interactions between BSA and
benzyl alcohal

The permeabn flux of hexanoic acid was reduced by the addition of whey protein.
However, in the study @ddverington éal. (2011) saturated fatty acids with short chain length,
including hexanoic acid, were found not to bind with milk protein at all. A headspace analysis
showed that the mole fraction of hexanoic acid did not change even with the presence and
absence of wt.% milk protein isolate in the feed solution. Among the fatty acids with a carbon
number of 210, only octanoic acid ¢1602) was found to weakly bond to milk protein.
Similar results were also reported by Frapin et1#193) who foundb-Ig could only bind with
long-chain fatty acids (the binding strength increased with the increasing of the chain length),
but not with sub shortchain fatty acids as caprylic and capric acids. If the reduction in the
headspace of hexanoic acid is not due to its hydrophobic binding with whey protein, a possible
reason could be the pH variation after the protein addition. The pH valuesoladqiexanoic
acid solutions with different amount of whey protein wee¢ermined using ¥WR-SB70P
pH meter and are shown irable5.4.The pH value of the feed solution contain®@ ppm
hexanoic acid was 3.67hdit increased to 5.66 whéme feed contained 3.5 wt.% whey protein.

At a higher feed pH, a larger amount of hexanoic acid would dissociated fornm thefeed
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solution, resulting in a decline its pervaporation fluxOverington et al., 2011Yhere was a
large reduction of 41% in dimethyl sulfone permeation flux, which was not expected
considering its high polarity. The reason for this was stillohedr, and further work on their

interaction was needed.

Table 5.4 pH values of aqueous hexanoic acid solutions with different amount of whey protein or
milk fat.

With 50 ppm hexanoic acid in feed Without hexanoic acid in feed
No protein or fat 3.67 -

2.0 wt.% protein 5.53 5.62
3.5wt.% protein 5.66 5.71
2.0 wt.% fat 6.48 6.93
3.5wt.% fat 6.56 6.95

5.3.3 Effect of milk fat on pervaporative recovery of aromas

Milk fat also affected the permeatidluxes and arichment factorsof the aroma
compoundsegatively This is especially the case for hydrophobic argrasashowmn Figure
5.8 and5.9. These results were in agreem withthe work ofBaudot and Matirf1996)who
predicedthat fat would deduce a decline in the pervaporative recovery of hydrophobic aromas.
In addition similar tolactose and whey protein, within the concentration ranges evolatile
compounds studied hes milk fat did nohave asignificant influence on water permeation (see

Figure5.10).
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Figure 5.10 Effect of milk fat on water permeation flux. Aroma concentration 50 ppm,
temperature 363 , and permeate pressuré00 Pa

Compared to the effecf lactose and whey protein,ilin fat seems influence the
pervaporation @rmeation of the aroma compounds more negatively than lactose and whey
protein.As the concentration of milk fat in the feed increased fronB80&at.% the reductions
in aromafluxeswere in the following order:
ethyl hexanoate (84% decreasel-heptanone (82% decrease)nonanal 81% decrease)
ethyl butanoate6% decrease} hexanoic acid (62% decrease)jndole (50% decrease)
diacetyl (36% decrease)dimethyl sulfone 3% decrease)

The sequencef the aroma flux reduction was generally in tleemrasing order of the aroma
hydrophobicity Table5.2). It appears thahe hydrophobic interactions betweanomasand

fat werethe leadingcausefor the aroma flux declinelndeed, in the feed systems containing
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fats, aroma copounds were distributed between the water and fat phases. It is reported that
for many aroma compounds, the more hydrophobic the compound is, the larger portion of the
compound will dissolve in the fat pha@diettinen et al., 2003; Relkin et al., 2004; Le Thanh

et al., 1998) Aromas tend to have a much lower volatility in the fat phase than in aqueous
phase(Landy et al., 1996)and thus the aromas dissalvia the fat phase will havelawer
perneation rate due to the reduced driving force for permealibis is supported by the

decreased aroma contenhigadspace over the feed solution after fat was adddale.5).

Table 5.5 Percentreduction in the aroma content in headspace over feed after adding fat in feed
solution.

Nonanal 90°

Ethyl hexanoate  90°
2-heptanone 69270°
Hexanoic acid No changé
Ethyl butanoate 70°
Diacetyl 19°20°

a5 wt.% milk fat was aded inaromawater solution The concentrations of ethyl hexanoate, ethyl
butanoate, heptanone and hexanoic acid were 100 ppm, 101 ppm, 9.8 ppm and 111 ppm
(Overington et al., 2011)

b5 wt.% vegetable fat was added in arepr@pylene glycol solution. The concentration of nonanal and
diacetyl was 5000 ppirfSchirleKeller et al., 1994)

¢ 5 wt.% vegetable fat was added in arcmater solution. Diacetyl concentration was 40 ppm
(Miettinen et al., 2003)

As shown inTable 5.5, the partial vapor pressure of hexanoic acid was not affected by
the presence of milk fafhus, gnilar to the effects of whey protein, the decreased recovery
of hexanoic acid in pervaporation may be attributed to the change of the feed pH after fat
addition (Table5.4). 3.5 wt.% fat in the feed increased the pH of the feedune from3.67
to 6.56 which favored the dissociation of hexanoic acid and lowered the permeation rate of

hexanoic acid through the membrane.
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5.3.4 Effects of NaCl on pervaporative recovery of aromas

NacCl is naturally present in or added into many dairy petejui.e.,milk, cheese and
yogurd. Its concentration in dairy products ranges-2.8t.% (USDA National nutrient
database, 2015Therefore, in the present study, a NaCl concentration ranged wt.06 was
chosen to investigate the effects of NaCl on the pervaporative recovery of aromas. As shown
in Figure5.11, water flux was not affected at all by the addition of as much as 2 wt.% NaCl
to the feed, indicating that such a salt content did not affect water activity significantly.
However, the aroma fluxes and enrichment factors experienced different chdregeshe
NaCl content increased. As shownFigure5.12 andFigure5.13, with an increase in NaCl
concentration from 0 to 2 wt.%, the fluxes and enrichment of the more permeable aroma
compounds (ethyl dtanoate, ethyl hexanoate,-h2ptanone and nonanal) increased
considerably, while the fluxes of the less permeable aroma compounds (indole, dimethyl

sulfone, diacetyl and hexanoic acid) increaseddegsficantlyor did not change.
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Figure 5.11 Effect of NaCl on water permeation flux. Aroma concentration 50 ppm, temperature
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The presenceof NaCl has two opposite effects on aroma permeation. On the one hand,
the existence of salt can lead to a sakkmg effect on certain aroma compounds, i.e. the
solubility of the aroma compounds in water is reduced, and their activityaerf§ and their
permeation driving force are enhan¢€arcia et al., 2009; Martinez et al., 2018 the other
hand,the presence of saticreaes the density and viscosity of tfeed solutionloweringthe
aromadiffusion rate in the feed solution. In general, an overadlitive effectof salton the
membrane selectivityn pervaporation was observeldor exampleMartinez et al. 2013)
repored that the enrichment factors of sikomacompounds(a ester, two alcohols, two
aldehydes ana diketone) in a PDMS membraneere increased by 226% when the

concentration oNaClwasincreasd from 0 to 3.4wvt.%. They also confirmed that the increase
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in aroma selectivity was attributed to the increased activity coefficient of aromas by the
presace of salt in the feed. However, soother studieshowedan oppositeffectof salt on
theenrichmenibf aromas. For instancBotremontet al. (1994)reportedthat theaddition of
salts (KCI, NaCl, NéPQs, FeCk, CaCh) at concentrations of 0:3.5 mol/L decrease the
permeationflux of trichloroethylene while the waterflux for the pervaporation of
DCM/NaCl/water using a silicone membrane was not affected. And in some studies the salt
was shown to have no impact on aroma permeation and enrichmenpefvaporation
extraction of volatile organic compounds from waMguyen and Nobel@87)andGarcia et
al. (2009) noticed that there was no significant change in the flux and selectivity of
dichloromethane in theervaporation of dichloromethane/NaCl/water using either silicone
membranes or hydrophob@MX-GF010-D membrane.

In the present study, in spite of the increased feed viscosity, as illustrafabtleb.6
(which was determineoly aGILMONT viscosity meter)the recovery of ethyl butanoate, ethyl
hexanoate, -heptanone, nonanal and indole was all enhanced by the presence of NaCl in feed,
which suggests that for these aromas, the sattingffect was dominant. When salit effect
is counterbalanced by the increased feed viscosity, the aroma permeation will be unaffected.
This seems to be the case for diacetyl, dimethyl sulfone, and hexanoic acid. The increase in
aroma flux due to the addition of salt is in the following order:
nonanal (36%) = ethyl hexanoate (36%) > ethyl butanoate (22%pgptanone (14%) > indole

(12%) > hexanoic acid, diacetyl and dimethyl sulfone (no change)

It may be noticed the permeation flux of more hydrophobic aroma was enhanced by NaCl more

significantly.
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Table 5.6 Viscosity of feed solutions containing 50 ppm of ethyl butanoate and different
concentrations of NaCl at 36 °C.

NaCl concentration in feed, wt.% Viscosity, 10¢ Pa.s
0.0 7.085
1.0 7.139
1.5 7175
2.0 7.207
3.0 7.2%
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Figure 5.14 Comparison of the effects of four norvolatile components of dairy on recovery of
aromasat an aroma concentration of 50 ppm, a temperatw of 363 , a permeate pressure of 400
Paand a nonvolatile component content of 2 wt.%.

The effects of the four newolatile dairy ingredients on the recovery of the aroma
compounds by pervaporation was compared and presentédure 5.14. The normalized

enrichment factor is defined here as the enrichment factor of the aromas in the presence of 2
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wt.% nonvolatile component divided by the enrichment factor of the aroma in the absence of
nonvolatile component. A normalized enrichmerdctor of 1 means the nomlatile
component has no effect on aroma enrichmiens. evident that, in general, the addition of

NacCl to the feed tended to enhance aroma recovery. However, the presence of lactose, whey
protein and milk fat all affected theepvaporative permeation of aromas negatively. Among

the four nonvolatile components, fat showed the largest negative effect on aroma recovery,
followed by whey protein and lactosghis was due to the fadhat milk fat interacted with

many aroma compousdnore strongly than protein and lactose. From a practical application
point of view, to reach a high recovery of the aromas, the fat, protein and lactose in the dairy
product can be removed if possible prior to pervaporation. Addition of NaCl into the dai

product is also favorable to improve the enrichment of aromas.

5.3.5 Effect of operating time on pervaporation

The membrandouling was also studied by measuringhe permeationflux and
enrichment factor using ethyl butancateter mixture over a 2lour perod. Permeate
samples were collected every hour and sent back to the feed to keep the feed concentration
constant. Permeate concentration was measured every hour for the first three hours, and then
every three hours afterward. As showirigure5.15 andFigure5.16, there wasio noticeable
declinefor the permeatioflux andthe aroma enrichment factor over a period of 24th and
withoutthe nonvolatile components in the feethese results indicateatunder the operating
conditions appliedgoncentration polarization or membrane fouling on the membrane surface
was insignificant. This was presumably duehte nonporous nature of the membrane and the

high flow rateof the feed solution, which renderdte boundary layer effect negligible
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Figure 5.15Total flux over a period of 24 h with and without the presence of lactose, whey protein,
fat or NaCl. Feed solution: ethyl butanoatewater, ethyl butanoate concentration 50 ppm,
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Figure 5.16 Enrichment factor of ethyl butanoate over a period of 24 h with and without the
presence of lactose, whey protein, fat or NaCl. Feed solution: ethyl butanoatater, ethyl
butanoate concentration 50 ppm, temperature363 , permeate pressurel00 Pa
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5.4 Conclusions

The effect of nosvolatile dairy ingredients on the pervaporative recovery of aroma
compounds were investigated, and the following conclusions can be drawn:

(1) The presence of the naolatile dairy components (e.g. NaGactose, whey protein

and milk fat) did not affect the permeation of water.

(2) The presence of NaCl enhanced the permeation of more hydrophobic aroma
compounds (i.e. nonanal, ethyl hexanoateyldutanoate, -heptanone and indole) from their
agueous solutions, while the permeation of less hydrophobic or hydrophilic aromas (i.e.,
hexanoic acid, diacetyl and dimethyl sulfone) was not affected.

(3) In general, the permeation of aroma compounds waffected negatively by the
presence of lactose, whey protein or milk fat in the feed solution. The reductions in the aroma
flux by these nofvolatile compounds were consistent with the hydrophobicity of the aroma
compounds, and there appeared to beidersble hydrophobic interaction, between these
nortvolatile compounds and the aromas compounds.

(4) Dimethyl sulfone, the most polar compound among the eight aromas studied here, was
influenced most negatively by the presence of lactose. This was loete\aise from the
hydrogen bonding of dimethyl sulfone by lactose.

(5) No concentration polarization or membrane fouling was observed when lactose (5
wt.%), whey protein (3.5 wt.%), fat (3.5 wt.%) and NaCl (2 wt.%) were present in the feed
solution. The suggests that in pervaporative extraction of aroma compounds from dairy

solutions, membrane contamination and cleaning are not a concern.
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6.2 Experimental

6.2.1 Materials

6.2.1.1 Feed mixtures

Model milk solutions were prepared by mixing whole milk powder with water, with and
without whey protein/lactose/35 wt.% cream/NacCl. The whole milk powder aayg priotein
were purchased from Bulk Barn Foods Limited. The nutrition facts in the whole milk powder
are listed inTable6.1 (These data were provided by Bulk Barn Foods Limited). Lactose (from
Now Foods Inc.), th&5 wt.% cream (containing 35 wt.% milk fat, from Neilson Dairy) and
sodium chloride (NaCl) (from Sigmaldrich Corporation) were added to the solution as

needed.

Table 6.1 The nutrition facts in whole milk powder

Nutrition facts Amount per 100 g milk powdgeg
Fat 27

Protein 27

Lactose 40

Sodium 0.37

6.2.1.2 Dead-end filtration systems (UF, NF, RO and PV)

The dehydration experiments were conducted using laborstatg deagnd test setups,
which are showmn Figure6.1. In the deagend pervaporation experiment&idure6.1 (a)),
PEBA 1074 membrane was mounted to the stainless steel membrane cell with an effective
membrane a@a of 14.85 ¢ The feed volume was 200 mL and the feed solution was stirred
using a magnetic stirret 1000 rpm, which corresponded tBR@number of64 (Wu et al.) A

vacuum pump was applied at the downstream side of the meentranaintain a permeate
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pressure of 400 P&he permeate sample was conderssticollectedn a cold trap immersed
in liquid nitrogen (aroundl196°C).

In UF, NF and RO processes, the 200 mL delad membrane cell was pressurized with
nitrogen.The maxmum pressure that the system could withstand wad/1Pa The pressure
gauge and regulatdby ProStar) were used to control and adjust the feed pre3$swdeed
solution was stirre@t 1000 rpm. The permeate was collected in a sample vial and weighed
using a digital balance. In Sections 6:8.B.3 and 6.3.5, the feed concentration was kept
constant by sending back the permeate to the feed continuously, while in Section 6.3.4 and
6.3.6 the operations were batefse and the permeate collected was not back to the feed.
in Section 6.3.4 and 6.3.6. The cleaning of the fouled UF, NF and RO membranes was
performed following a procedure recommended by the membrane manufacturers. At the end
of each run, the upstream side of the system was flushed setjyeniila water-NaOH
solutionwater at room temperature and at a pressure of 0.8 MPa. All experiments were carried
out in duplicates, and the experimental errmere estimated to b&0% an example of

experimental error bars is shown in Appendix E.
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Figure 6.1 The experimental setup for(a) PV and (b) UF, NF, and RO processes.
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6.2.1.3 Membranes

Table 6.2 lists the specifications of the membranes used in this research. PEBA 1074
dense membranes were preparethe lab At first, 18wt.% homogeneouBREBA solution was
prepared by dissolving Pebax® 1074 pellets (supplied by Arkema Inc.imetiyl2-
pyrrolidinone (NMP) (99%) (supplied by Sigama) with vigorous stirring at 105 °QZdr.
Thepolymer solutiorwas kept in 105 °C for another 12 h to degas any bslkdpped during
the agitationThe degassed solution was then casta preheated glass plate (80 °G3inga
glass rod with wires at both ends to control the membradentgssAfter solvent evaporation
80 °C for 24 hthe membraneasimmersed in deionized wateand the membrane detached
itself from the glass plate. The membrane Wandried in the oven at 50 °C for 5 hours and

stored in a desiccator at room tempenmatdhethickness of thenembrane wa35 pum, which

was theaverage of the thicknesse®asured d different spotsisinga micrometer. Th&F,

NF and RO membranes wecemmerciallycomposite membranefrior to testing, these
membranes wergnmersed in denized water for 24 o remove any surface preserving
agents anthenstored in deionized watevith water replaced frequently to prevent microbial
growth For SR3D and HRX membranghey were rinsed with NaOH solution (0.0001 mpl/L

for 30 mins and thewith deionized water for 30 mins, as recommended by the manufacturers
installation instructions Before filtration experiment started, all membranes were pre
conditioned with pressurized pure water on the feed side at given operating pressures until a

stable water flux was produced.
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Table 6.2 Characteristics of membranesor membrane material (polymer) provided by suppliers.

Membrane Pervaporation Ultrafiltration Nanofiltration Nanofiltration Reverseosmosis Reverse osmosi
Processes
Membrane  PEBA 1074 UF1 SR3D? NF8 HRX 2 RO6
Manufacturer Made in lab one\ﬁgtpeTe%te;;rgﬁ KOCH Membrane Nanostone KOCH Membrane Nanostone
. Systems Water Systems Water
Technology, China
ngﬁ;?ne PEBA 1074 Polysulfone polyamide Polyamide polyamide Polyamide

a2These two membranes meespecially designed for dairy practs separations.

® This copolymer was comprised of 55 wtgilyethylene oxidend 45 wt.%polyamide
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6.2.2 Methods

6.2.2.1 Measurement of contact angle

The hydrophilicity of the membranes was characterized bytmactangleof wateron
themembraneurfaceatroom temperature. The contact angle measurements were carried out
with a contactanglemeter(Camplus Micro, Tanteclnc.) usingthe sessiledrop (about3 pl)
method.Ten measurementwere conductedat differentlocationson themembranesurface

andthereporeddata were the average values of the ten measurement

6.2.2.2 Measurement of total solid content in permeate

The concentration of total solid ihe permeate could not be determined simply by HPLC
or TOC because of the complex compositions of permeate sample involved that contained
minerak, organic acids, ash components, sagamd proteins.In order to take all the
components into account in tigalculation of percentage retention of the membranes, each

permeate sample was weighed and ttheed in anovenat 80 3C for 15 h to allowall of the

waterto evaporate The remainingsolids were weighed,and the massconcentratiorof the
permeate sampleas determined from the mass of dried solids and the initial mass of the

permeate sample.

6.2.2.3 Characterization of PV, UF, NF and RO membranes performance

(1) Total flux and réention

. W (6.
U +—.
00

. o} ( 6.
Y p F prtmtbk
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wherevis the toal flux of permeatione is the permeate volume collected over operating time

0, 0 is membrane area, R is the solute retentiogand0 arethe total solid concentrations in

permeate and in feed, respectively.

(2) Total resistance and indduaal mass transfetesistancein PV, UF, NF and RO processes
The permeation flux can be described in the following phenomenological equations for

different membrane processes:

Pervaporati on:

. Y0 Y0 w0 0 ® (6.
Y'Y Y Y Y Y Y Y

Ultrafiltration:

. W Y0 (6.
V' TR TYe Y Ve

Nanofiltration and reverse 0SmMOSi S:
Yo Wy (6.
Y Y Y Y

where 0 is instantaneousflux. Y0 is pressure differential across the membrane. For
pervaporationY0 will be the partial vapor pressure difference (i, & 0 )
whered is water activityD  is saturatedaporpressuref water which is 2635 Pa at 2P

0 is the pressure on the permeate side, wvia$400 Paandw  p is water mole fraction

in permeatg 'Y (or'Yee ) is the total resistance to permeatioh, (or Yae),Y (or'Yee)
and’Y (or Ye) represent the resistarscéom the membrane, concentration polarization
boundary layeand membrane fouling, respectivelyis the viscosity of the UF permealde

@ values of different dairy solutions weretaimed from literatureas presented ifiable6.3:
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Table 6.3 The water activity (=|=;,;_) values of dairy solutions with different solid contents.

Solid content of dairy solutiomyt.% Aw Reference

4 0.99 (Bylund, 2015)
12 0.99 (Bylund, 2015)
20 0.99 (Bylund, 2015)
30 0.99 (Bylund, 2015)
40 0.95 (Ruegg, 1985)

For ultrafiltration andeverse osmosi¥" is the osmotic pressure differermetween the feed
solution and the permeatén principle, @ a ransmembrane pressure equalYto, the
permeation flux willbe zero, based on Equation 6.5. ThereforeYthan the NF and RO
processes using SR3D aHiRX membranes with a 12 wt% feed solution was estimated by
plotting thev vs.”YO {Figure6.2), wherev is the initial permeation flux at the beginning of
the NF and R@rocessesand YD Us the transmembranegasureNote that for RO process,
the solid content in peteate stream was essentially zero, and ¥usvas equal to the osmotic
pressure of the feed. For NF, only small salts (mainiZINEC| and CaHP®) will permeate
through the membranand wherthefeed solid content changed fratrio 16 wt%there were
only a slight variation irrejections of milk solid in NF (within 3%) (see Section 6.3.2)
therefore the osmotic pressure of the NF permeate was comrsiderbeconstant \menthe
feed solid contes ranged fromd to 16 wt% Thusin the NF and RO processéise Y values
at different feed dairy solutions weepproximated to bproportional to thesolid content of

the feedsolution. The estimated* values ar@resented iTable6.4.
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Figure 6.2 The initial permeation flux at the beginning of NF and RO continuousperationsas a
function of transmembrane pressure, using 12 wt% dairy solution at 28C.

Table 6.4 The osmotic pressure difference ¥Z) across the NF and RO membranes at different
feed solid contents, MPa

Feed solid content

4 wt% 12 wt% 16 wt%
NF-SR3D 0.122 0.367 0.489
RO-HRX 0.190 0.571 0.761

To better compare the resistance to permeation in the differenbraee processes, the
units of the mass transfer resistance need to be unified. Therefore, the ultrafiltration flux

equation (Equation 6.4) was expressed as:

Y0 7 (6.
Y'Y Y Y Y
where'Y ‘“Yee Y “Yee,'Y ‘Yee,Y ‘Yee
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6.3 Results and discussion

6.3.1 Pure water permeation through UF, NF, RO and PV membranes

To compare the permeance of different membrane processes and membranes for water
permeation, the pure water fluxrough UF, NF, RO and PV membranes were deterrmahed
room temperature. For pressuheven UF, NF and RO processes, water fluxes at different
transmembrane pressures (TMP) were measured, and the water permeance was obtained from
the slop of the Flux Vs.NIP plot (Figure6.3). For the PV process, tipeire water flux of the
PEBA 1074 membrane at room temperature was determined to be 2.45h)./(mhich
corresponded to a water permeance of 10K/ (m?.h.MPa).

Table 6.5 shows the water contact angle, water permeance and membrane resistances to
water permeation to water permeation for the membrane tested; here the membrane resistance
to water permeation was considered to be¢hgrocalof pure water pereancg. PEBA 1074
membrane for pervaporation showed the highest water permeance among all the membranes
studied, followed by the UF and NF membranes. The RO membrane showed the lowest water
permeance, as expected. The membrane resistances to water perofaditese membranes

followed the opposite sequence.
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Figure 6.3 Pure water fluxes of clean membranes in UF, NF, R@perations under different
transmembrane pressures at 22C.

Table 6.5 Contact angle, MWCO, water permeance and membrane resistance of all detected
membranes.

Contact angle MWCO? Pure water permeancsingclean R,

Membrane of water(J) (Da) membransat 22¢C (L/(m2.h.MPa)) (10° Pa.s/m)
Pervaporation

PEBA 1074 67 Dense  1,096.20° 3.28"
Ultrafiltration

UF1 53 100000 288.88 12.46
Nanofiltration

SR3D 59 200 77.03 46.73
NF8 37 200300 99.29 36.26
Reverse osmosis

HRX 41 < 200 35.03 102.78
RO6 33 <200 2.37 1,51809

MWCO data was taken from the membrane man
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The hydrophilicity/hydrophobicity of the membrane surface, whiek determined by
the chemical characteristics of the membrane material, effdoe water permeee of a
membraneThe contact angle afater on thenembranes provided a quantitativeasure of
the membrane hydrophadity/hydrophilicity. Hydrophilic membrane surface isot very
vulnerable tdfouling by a dairysolution Thetightnessof membranestructure wa another
parameter that determidenembrane water permeabilitfhe membranéipore sizé can be
described by molecular weight eoff (MWCO), which is defined as the lowest molecular
weight (in Daltons) at which greater than 90% of a solute with a known molecular weight is
retained by the membrarighe pervaporation membrane hadceask structure, and the concept
of MWCO was not relevant.

The contat angle values Tigble 6.5) suggest that all the membrantssed were
hydrophilic, but the PEBA 1074 is thkeast hydrophilic membrane. This medEBA 1074
membane had a lowvater solubility compared to thethermembranesNonetheless, water
transport in the PV membrane s\ay the solutiordiffusion mechanism, antthe diffusion of
water molecules ithe PEBA 1074membranavas significantly fastresulting ina hgh water
permeance ithis membrane.

In the cases of UANF and ROprocessesit is the membrane pe sizethat mainly
determinedwater permeancand thus membrane resistance to water permeatiéi.
membrane has a high MWCO 060,000 Da, whichdisplayed a high water permeance of
288.88L/(m?.h.MPa), wlile the MWCO of RO membranes wkss than 200 Da, therefore
they had a lowevater permeance than the UF and NF membrdnedgo the tighter structure

of the RO membranes
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6.3.2 Comparisons of UF, NF, RO and PV performance for concentrating dairy

solutions

The performance of theR) NF, RO and P¥hembranes for concentrating dairy solutions
was evaluated by conducting the continuous filtration experiments under different feed solid
contents and TMP. e deaeend membrane cell used for all experiment was the same, with
an equal membrane area irrespective of the membrane types and operating conditions. The
permeate was continuously sent back to the feed solutions to keep the feed concentration
constant. In the casof NF and RO membranes, MfR3D and REHRX manufactured by
KOCH Membrane Systems were selected to tileatairy solutionsbecause otheir higher
steadystate permeation fluxes (2.7 9 and 0.12 L/rhhfor afeed solid content of 1&t.%
at 0.8 MPa)han NF8 and RO6 (0.1 L/ and 0.01 L/rhfor afeed solid content of 1&t.%

a 0.8 MPa).Figure 6.4 (a-c) shows thetotal fluxes during the concentration of the milk
solutiors usirg UF1, NF-SR3D andRO-HRX membranes at a fixed TMP of 0.8 MPa and
different feed solid contentBjgure6.4 (d) shows the water flux for pervaporative dehydration
of the milk solutions at a permeate pressure of 400FRmre 6.7 shows the percentage
retention of total solids at the ®®our of the filtration at different feed solid contents using
the four membrane processes.

As expected,taa givenTMP for a given feed solid content, UF1 had a higher permeation
flux than NFSR3D and REHRX because of the loose structure of UF membranes. PV
transport was not driven by the TMP, rather it was determined by the partial vapor pressure
difference across the membrane, which was normally much smaller than the TMP used in
pressuredriven processes. This resulted in a low permeation flux comparing to UF1 and NF
SR3D. Interestingly, PV exhibited a higher permeation flux than RO, in spite of its dense

membrane structure. In PV, there was a phase change from liquid to vaponearnigrassed
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the membrane. The membrane resistance for water transport in PV was low (as discussed in
6.3.1). In addition, unlike UF, NF and RO, the high osmotic pressure of the feed had no impact
on water permeation in PV process. 3&évo reasons leadota higher flux using PV

PEBA1074 than using REIRX.
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Figure 6.4 Total flux during concentration of dairy solutions using (a) UF1, (b) NFSR3D, (¢) ROGHRX and (d) PV-PEBA 1074 membranes
at different feed solid contents. TMP for UF, NF and RO 0.8 MPa,; the permeate pressure for PV 400 Pa. Temperature for all exments

22¢C.
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In addition, aflux decline with time was observed in UF, NF, RO and PV proceages
then stable flux waseacked. The flux decline was more dramatic at higher feed solid contents
for all the four membraness shown irFigure 6.4 (a-d). The percentlux decline(FD) was

calculated as follows
- 0
"00b p o pmmb ( 6.

where0 is thepermeatiorflux of dairy solutionat a givertime during the filtration 0 is the

initial permeatiorflux of thedairy solution at the beginning of the filtratidfigure6.5 shows
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the ratio of0 j U during continuous UF, NF, NF and PV operations at different feed solid
contents with a TMP of 0.8 MPa, and different TMPs with a feed solid content of 12 wt.%.
UF1, NFSR3D and REHRX memlranesexperienced extremely severe flux deciiméth
time for all the dairy solutions. 0.8 MPa, when the feed solid contarés16 wt.%, almost
90% flux decline occurred in the UF, NF and RO processes, indicating the difficulty of using
these three melmanego concentrate dairy solutionsahigh solid contenfrimarily dueto
severe membrane fouling. Comparing to the other three membranesPEHBA 1074
membrandrad the lowest flux declingvhen the permeation flux was stabilized-17% flux
declire was observed at2D wt.% feed solid contents, and@&21% flux decline occurred as
the feed solid content increased from 20 wt.% to 40 wt.%.

The flux decline was well expected, because during filtration, there was an accumulation
of retained colloidaparticles at the membrane surfagiing rise to a concentration gradient
of particles perpendicular to the membrane surface, known as concentration polarization (CP)
(Rice et al., 2008; Rinaldoni et al., 2009his concentration gradieserved ashe driving
force for diffusion of the particles back to the bulk feed, which at gtstate, was in balance
with the bulk movement of particles the membrane surface. This layer of concentrated
particles generates a resistancevétber permeatigras a physical barrier or increased osmotic
pressure which reduces the effective transmamndbrpressureBesides concentration
polarization membrane fouling another reasoior theflux reduction. Membrane foulingan
occur intwo forms: reversible and irreversible membrane fouling. A gel liyrenedon the
UF1, NFSR3D and REHRX membranesfter filtration.Figure6.6 (a) is an example of the
gel layer on the surface of N6bR3D after 10 hoursf filtration of 12 wt.% milk solution. It

was considered as reversible membrane fouling because it camdseeteby water rinsing,
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as can be seen kigure6.6 (b). However,gel layer on PEBA 1074 membrane surface was not
observedafter 2.5 hof pervaporationThis is easy to understand since the water flux in the PV
process is relatively low, which renders concentration polarization less signifidaist.
explains the lowWlux reduction using P\PEBA 1074. Irreversible embrane fouling was only
found an UF1 membrane. After filtrating dairy solutions and membrane clgattie pure
water fluxthrough the UF1 membrax@ not reach the pure water flokthe virginmembrane
indicatingthatirreversible membrane fouling occurrechd details will be discussed in Section
6.3.4. The low flux decline percentage of P¥BA 1074 suggests its potential in

concentrating dairy solutions, especiahhigh solid contents.
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Figure 6.5 The ratio of Y L during the continuous UF, NF, NF and PV operationst different feed solid contents (TMP 0.8 MPa) or different
TMPs (feed solid content 12 wt.%). Temperature 22C.
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Figure 6.6 (a) The gd layer on the surface of NFSR3D after 10 hours filtration of 12wt.% milk
solution; (b) the surface of the NFSR3D membraneafter water rinse.

In addition to permeation flux, thability to retainthe solute compounds in milk was also
animportantmetric for comparisonAs shown inFigure6.7, UF1 had the lowest retention to
milk solids, although it had a higher flux than the other membranes. The retention of milk
components by UF1 decreased when the feed solid content waasedreand only 58%
retention was achieved at a feed solid content of 16 wt.% at 0.8 MPa, which means a significant
amount of the milk components also passed the mem#hrER3D and REHRX had a
retention of 9898% and 99% at a solid content in the rangfe4-16 wt.%. PVPEBA 1074
exhibited the best etention performance(almost 100% solid retentipnamong these
membranesAs expectedgxcellent solute retention wasghly correlated to th@on-porous
structure of the PEBA 1074 membrarfiéerefore,UF andNF are suitable to treat dairy
solutions with a lowsolid contentn order to @t a high permeation fluxith reasonableolute
retention, while PV is superior toF, NF and RQvhen treating a dairy solution of high solid

content.
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Figure 6.7 Retention of total solid (%) at the 10" hour of the filtration using UF1, NF-SR3D, RO
HRX and PV-PEBA 1074 membranes at different feed solid contents. TMP for UF, NF and RO
processes was 0.8 MPa. Permeate pressure RV was 400 Pa. Temperature for all experiments
was 22¢C.

Transmembranpressurerovides the driving force for pressure driven UF, NF and RO
separation, and it plays an important role in membrane perform@igtee 6.8 shows the
effects of TMP on the permeation flux of a milk sdlon at a solid content of 2&t.% using
UF1, NFSR3D and REHRX. The effect of feeg@ressure on PV was not studied here because
the feed pressure had little impact on permeation flux, and a low permeate pressure was always
preferred in PV (the permeateegsure was 400 Pa throughout the studies). A higher TMP
tended to produce a higher permeation flux, and the flux decline was also more significant for
UF, NF, and RQas seen ifrigure6.5. This indicates that a high TMP was Iikéo render the
concentration polarization or membrane fouling more significantly.
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As far as thamilk solid retentionwas concerned, there was no significant change with
RO-HRX membrane, and a milk solidtentionof greater than 99% was obtained overidew
range of TMP tested (i.e. 0184 MPa), as shown fRigure6.9. However, the TMP was found
to affect theretentionof the NFSR3D membrane, and a higher TMP favored the membrane
retention On the contrary, the milk solickteriion of UF1 membrane decreased with an
increases in TMP. In general, there are two competing factors dictating the separation behavior.
On the one hand, with an increase in TMP, the water flux increases while the milk solid flux
is sterically hindered, leling to a higher solidetention This is the so callefldilute effecb.
On the other hand, more solute molecules transport from the bulk solution toward the
membrane surface as the flux increases, which enhances the concentration polarization and
subsequetly reduces the solutetention(Seidel et al., 2001)t seems that the latter effect
played a more significant role in ultrafiltration process with UF1 membasdmle the dilute

effect wasdominant in naofiltration with SR3D membrane.
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Figure 6.8 Permeation flux for concentration of dairy solutions usingUF1, NF-SR3D and ROHRX membranes at different TMP. Feed

solid content 12 wt.%. Tempeature 22¢eC
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Figure 6.9 Retention of milk solid (%) using UF1, NF-SR3D and ROHRX 1074 membranes at
different TMP. Feed solid content 12 wt.%. Temperature 22C.

6.3.3 Fouling behavior of the UF, NF, RO and PV membranes and the effect of

feed solid content and transmembrane pressure on membrane fouling

It is known that flux decline can be caused by such factors as concentration polarization
and membrane fouling (gel layer formation and blockiighe pores). This will rest in
additional resistances ahe feed sidéor moleculedo transport across tireembraneln this
study, the resistanad the cacentration polarization layety( ), membrane resistanc¥ ()
andmembrane fouling resistanc¥ (), and their contribution to total resistancere/evaluated

to explainthe flux decline in the continuous filtration operations described in Section 6.3.2.
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The effects of TMRund feed concentration on the flux decliluging the continuous operations
were also analyzed.

In continuous UF, NF, RO and PV filtrations, the total resistafite ] at a given
operating conditio was calculated using EquatiérB, 6.5 or 6.6The water activitiesd§ ) in
dairy solutions with different solid contents were presentedaible 6.3, and the osmotic
pressure difference®/() between the feed dairy solutions and the perméatd§ and RO
processes wershown inTable 6.4. The membrane resistancé’ () was experimentally
determined from the steadyate pure water permeation flux of a cle@gin membrane, in
which case th&¥ and'Y were equald 0. The concentration polarization layer was assumed
to form quickly at theearly stage of the filtrationand therefore, the resistance from the
concentration polarization boundary layef () was determined from the initial permeation
flux at thebeginning of the filtratiorof the dairy solutions. #this time point the membrane
fouling was assumetd havenot started/et ('Y  11). The resistance from membrane fouling
('Y ) was obtained by subtracting and’Y from'Y

Figure6.10 shows the individual resistance components as a function of operating time
for the varioudeed dairy solutionsat 0.8 MPa with B1 membrane. The resistanc¥s and
'Y were constantand’Y inaeased as permeation proceeded with time, resulting in an
increase inY .'Y began to increase soon after the experiment started, indicating the
formation of the gel layer on the membrane surface or membrane pore blocking happened a
the very early stage of the filtratiom addition,a higherfeed solid contentauseda higher
Y . Forinstancewhen the solid content in the dasglutionincreased from 4 to 16 wt.%, the
'Y was increased from 1120°to 412 10° Pa.s/m The increased concentration polarization
resulted in more severe membrane fouling, and thereforér thecreased as well, from
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93 10°to 53F 10°Pa.s/m at the end of filtratioherefore, the UF separation experienced
increased total resistan¢¥ ( ) to permeation, resulting in flux decline as the feed solid content
increased. Therefore, the UF separation experienced increased total resistdncg to
permeation, resulting in flux decline as the feed solid content increased.

TMP alsohad asiginificant effect on th@ermeatiorresistances. As seamFigure6.11,
for the UF1 membrane, botlY and’Y increased with TMP. It is understandable because as
TMP increaseda higher flux was obtainedthereby resulting in more solute molecules
deposited on the upstream surface of membrane, leading to a higher degree of concentration
polariztion and membrane fouling. For example, at a TMP of 0.1 MPand’Y werel113
and 191 10° Pa.s/nregectivelyat the end of filtratiomf the 12 wt.% dairy solution, whereas
when TMPwasincreased to 0.8 MP& and'Y reached 1701C° and 75 10° Pa.s/m
respectively The increasd’Y and’Y resulted inanincreag in'Y , and thusa higher flux
decline occurred at a higher TMBne may also notice that at a low TMP of 0.1 MPa
andY first increased theleveled off while at a high TMP of 0.8 MPa, within tffiest 10 h
of operationY and’Y kept increasing. This is because at high@&iPs, water flux was
higher which madeconcentration polarization and fouling more sever@pfiearghat at a
TMP of 0.8 MPa, the fouling lay@ontinued to develop, and dmbt reach a steady state after

10 hof continuous operation.
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Figure 6.10 Individual resistance as a function of time during concentration of milk solutions using UF1 membranat different feed solid
contents Temperature: 22 °C.Transmembrane pressure: 0.8 MPa.
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Figure 6.11 Individual resistance as a function of time during concentration of mk solutions using UF1 membrane at different TMP
Temperature: 22 °C. Feed solid content: 1@1t.%.
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Both'Y and’Y were increasd at a higher feed solid content aadhigher TMP.
However, generally the membrane fouling was dominant over concentration polarization,
based on the percentage contributiofiyof,'Y andY to'Y (seeTable6.6). The ratio of
an individual resistance componerY ) to the overall resistanceY( ) as a function of
operating time was presentedrigure B1 and B.5 Increasingly, theded solid content and
TMP also increased the percentage contributioty db the overall permeation resistance,
while’Y became less importarior instance, at 0.8 MPa, as the feed solid content changed
from 4 to 16 wt.%, the ratitY ¥Y 0.43to 0.93while’Y TY decreased from 0.52 to 0.71.

At a given feed solid content of 12 wt.%, increasing TMP from 0.1 to 0.8 ikkiPaased
YZY from 0.61 to 0.81, whilelecreasetY 7Y from 0.36 b 0.18.In addition, it should
also be noted that thrmembrane resistancé of UF1 only contributed 0:-8.5% to the total
resistance in all the experiment$ese results indicate that membrane fouling was the main

reason for the permeation flux died.
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Table 6.6 The individual resistances at the end of filtration, and the contributions of the individual resistances to the total resisice.
Temperature: 22 °C.

Membrane Dairy solution solid TMP, MPa  Resistancel(® Pa.s/m Resistance contributigoercentage, %
contentwt.% Y Y Y Y Y IY YTY Y TY
UF1 4 0.8 217 112 93 12 515 42.9 5.5
12 0.1 316 113 191 35.7 60.5 3.8
0.4 682 155 515 22.8 75.5 1.8
0.8 957 170 775 17.8 80.9 1.3
16 0.8 5760 412 5336 7.1 92.6 0.2
NF-SR3D 4 0.8 261 113 101 47 43.4 38.6 18.0
12 0.5 389 189 204 35.6 52.3 12.1
0.6 467 139 282 29.7 60.2 10.0
0.8 725 148 530 20.4 73.1 6.5
16 0.8 2868 208 2613 7.2 91.1 1.6
RO-HRX 4 0.8 2362 861 1398 103 365 59.2 43
12 0.8 8162 2380 5679 29.2 69.6 1.3
1.0 9533 2408 7022 25.3 73.7 1.1
14 14848 2422 12323 16.3 83.0 0.7
16 0.8 9280 1427 7750 154 83.5 1.1
PV-PEBA1074 4 3.58 0.04 0.25 3.28 1.3 7.0 91.7
12 3.68 0.07 0.33 2.0 8.9 89.1
20 412 0.16 0.68 3.8 16.5 79.6
30 5.22 0.59 1.36 11.3 26.0 62.8
40 8.21 2.39 2.54 29.1 31.0 40.0

aCalculated from the initial permeation flux of the continuous filtration.
bCalculated from pure water permeance of the clean membrane.
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Figure 6.12-6.16 show the resistance components for dairy solution concentration at
various solid contents and operating pressuresMiH$R3D, ROHRX and PVYPEBA 1074
membranesSimilar to the UF1 membrane, increasing feed solid contehT8P increased
Y ,Y,Y andyY for all theNF, RO and PV processes. Howewshenthe RO-HRX
membrane was used, the individual resistances during permeation were the largest among all
the four filtration processes. For exampea feed solid content of 12 wt.% and a TMP of 0.8
MPa, theRs and Rp valuesat the end ofthe membrane processes were:-RRX (Y
5679 10° Pa.s/m,Rep = 2380 1C° Pa.s/m) >UF1 (Y 775 10° Pa.s/m)Y 170 10°
Pa.s/my> NFFSR3D(Y 538 10° Pa.s/m)Y 148 10° Pa.s/m)The'Y andY for PV
using PEBA 1074 membrane were the lowest comparing to the other membranes, which
explains the flux decline during the PV process was the least significant.

In terms of resistace contribution, Table 6.6, similarly to UF1 membrane, the
contribution ofR to overall resistance was dominant over the contributioi¥ oand'Y for
NF-SR3D and REHRX membranesAt 12 wt.% feed solid content a®d8 MPathe'Y TY
was 0.73 foNF-SR3D and 0.0 for RO-HRX, indicating that there was significant membrane
fouling in these membrane proceb®mwever, it was interesting to notice theith PV using
PEBA 1074 membrane, even though the ratb¥ ¥Y and’Y XY increased as feed
concentration increased, was still greater thaty and’yY to'Y for all the dairy solutions
tested. These resuls suggest thatn pervaporation,the concentrabn polarization and
membrane foulingvere less significanEvenat a high concentration dhiry solution with40
wt.% solid, theY 7Y andY ¥Y ratios were0.29 and 0.30, respectivelfhese values
explaired why the PVPEBA 1074 experienced relatively lowflux decline with timeThe

analysis of the individual permeation resistances in the four membrane processes,
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pervaporation witiPEBA 1074membrane was shown to be advantages for concentrating dairy
solutions, especiallyt a solid content as high as-20 wt.%, from a membrane fouling

standpoint.
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Figure 6.12 Individual resistance as a function of time during concentration of milk solutions using NFSR3D membrane at diferent feed
solid contents. Temperature: 22 °C.Transmembrane pressure: 0.8 MPa.

177



450

: 500 <) 800
() " JNF-SR3D, TMP: 0.5 MPa (®) ™ TNF-sR3D, TMP: 0.6 MPa © T 'NF-sR3D, TMP: 0.8 MPa R,
400 st ] 2004
S A S
E 350 @
9 o 600 -
m ’
o 300 @ T
0‘9 .’ 500 4
. 250 !
T R, 400 -
|t (o]
e S
s 1 i 4
50 > R, = 138.58x10° Pa.s/m 200
E [==- 280t
e 1 @ 2
100 / 00
'3 o . o
L5 R, =~46.T3<10 Fa.slm 108 & O R = 46.73x10° Pa.s/m
0 : T T T L T T T T E " 0 "o' R L N R R ER EE L
0 1 2 3 4 5 6 7 8 9 10

0o 1 2 3 4 5 6 7 8 9 10 11

Operating time, h Operating time, h Operating time, h

Figure 6.13Individual resistance as a function of time during concentration of milk solutions using NFSR3D membrane at diferent TMPs.
Temperature: 22 °C.Feed solid content: 12 wt.%.
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Figure 6.15Individual resistance as a function of time during concentration of milk solutions using RHRX membrane at different TMPs.
Temperature: 22 °C.Feed solid content: 12 wt.%.

180



(a)40 . (b) 4.0 _ (c) 5.0 - . -
{ PV-PEBA1074, feed solid content: 4 wt% |PV-PEBA1074, feed solid content: 12 wt% ]PV-PEBA1074, feed solid content: 20 wt%
Rt 381 Rt 4 B o
£ 354 -
o . ® R =328x10°Pa.s/m 1
T 3.5 R =3.28x10° Pa.s/m
o 3.0+ 0
E i
© ~ = R 1.0+
803 R, 047 __f 1 R
Vg o 5 & ] &0 0.8 4 £
o .90 0.3 0 Y e T e
& 02 ] 0.6 T e A
& 0-21 -6 8 04] oo \
0.1+ 7 R =0.04x10° Pa.s/m 0.14 & R€p= 0.07x10" Pa.s/m 0 2_‘ I,’ ch= 0.16x10" Pa.s/m
Tt emm- (o SN Al Rt R S s
0.0 A——7T— T T O'O_r"c')"l""I""I""I""I"" 0.0 ""‘l""l""l""l'"'I""
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
Operating time, h Operating time, h Operating time, h
(d) 6 - (6)10
1 PV-PEBA1074, feed solid content: 30 wt% { PV-PEBA1074, feed solid content: 40 wt%
] 9
4 RID(
£
A
©
o
= R, =3.28x10° Pa.s/m
o 3]
< 9
= 9
= L R =3.28x10° Pa.s/m
Aty 27 112
S M = e e e
»E R R_=239x10° Pa:s/m
4 5 | R R s ST e
51 Q@7 TTOTTTTIOT
\d o
1a R =0.6x10° Pa:s/im .
01— 0
00 05 10 15 20 25 30 00 05 10 15 20 25 30
Operating time, h Operating time, h

Figure 6.16 Individual resistance as a function of time during concentration of milk solubns using PVPEBA 1074 membraneat different
feed solidcontents. Temperature: 22 °C. Permeate pressure: 400 Pa.
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6.3.4 Membrane cleaning and flux recovery

Membrane fouling, which results in flux declines over time, is one of the limiting factors
for membrane application in dairy industry. As discussed in Section &lBtBe membranes
studied here showed a flux decline as a result of concentration polarization and membrane
fouling. Periodic cleaning of the membrane with clean water and stitable cleaning agents
is often used to reduce membrane foulii@ furthe study and compare the fouling
vulnerability and stability of these membrangscycles ofbatchexperiments with periodic
membrane cleanings were conducted. The feed solutions for all experiments were the same:
200 mL12 wt.% milk solution(12 wt.%wholemilk powder+ 88 wt.% wate), the milk solid
and water compositions are close to those in raw cow. milke TMP for UF, NF and RO
processes was 0.8 MPa, the permeate pressure of PV process was=@h Baerating cycle
was composed of 10 h obncentréion of feed solutiorwith an initial solid content of 12 wt.%
and 3 h of membrane cleaningrigure 6.17-6.20 show theflux decline over time during
filtration and flux recovery by membrane cleanasgwell as the milk solid tention over the
5 cycles by UF1, N/SR3D, ROGHRX and PVYPEBA 1074 membrane§he membrane
surface and crossections were examined under a FEI Quanta FEG 250 scanning electron
microscopy(SEM) to clarify membrane fouling, as shownhkigure6.21 and Appendix C

Among the four membrane processes, UF1 membrane was the only one that experienced
significant irreversible flux decline. As shown kngure 6.17, after the first cycle of UF
filtration and water claningthe pure water flux declined from 231 to 115 Efmrepresenting
a flux loss of 50.2%To further clean the membrane, 0.0001 M and\.laOH solutions
were applied for membrane washing for 1 h, respectively. The pure water flux of UF1 was

recoveredo 142 L/nt.h after cleaning with 0.0001 M NaOH solution and 2004mvhen
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0.1 M NaOH solution was used to clean the membrane. Since NaOH is caustic alkaline that
decomposes fat and proteins, it is frequently used as a removing the cleaning agent in the
industry. Here 0.1 M NaOH solution was proved to be more effective on removing the foulant
(mainly milk proteins and calcium phosphdiéan Boxtel et al., 199))on the membrane
surface and/or inside membrane pores. Therefore, for the rest four recycles, the membrane
cleaning protocol was 1.5 h water wash/D.1 M NaOH solution wash/0.5 h water wash.
However, it appeared the foulamtecipitated on the membrane surface were not completely
swiped away since the firsteaning stepandthe residuals accumulated tdme membrane
surface aftereach okaning cyle would resultin a further drop in the permeation flux in
subsequent filtration cycles. After 4 filtratiaxheaning cycles, the permeation flux was only
45% of the initial permeation flux with the virgin membrane.

The degree of concentration by filicat is usually expressed as the volume concentration
ratio (@ O )Y defined as the quotient of initial feed volume X and concentrated retentate

volume () (Cheryan, 1986)
wo 'Y — (6.
W

In RO or PV processes, the solid centration of permeat® () is normally very low ( )

due to the dense structure of RO and PV membranes, therefore,

w6 w6 wod wo (6.
So,

6 o .,

— -— oY ( 6.
0] w

which meanshat in RO or PV operations 0 "#lso represents how many times the dairy

solution can be concentrated. In these fiverddimbrane cleaning cycles, thed Value
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decreased from 1.69 for the first cycle to 1.12 for the fifth cycle. The pure water péityneab
through the membrane declined by 21.7% after 5 cycles of filtration/cleaning.

Figure6.21 (a) and (b) are the SEM images of the surfaces of the virgin UF1 membrane
and the UF1 membrane after cleaning. It clearly shows tima¢ $oulants, presumably to be
whey protein and casein, are still left on the surface of UF1 membrane after water/0.1 M
NaOH/water washingrigure6.21 (c) and (d) show the crosection of the UF1 membrane
before use and after wlaing. No significant pore blocking by macromolecules inside the finger
pores was observed. These results suggest that the irreversible fouling on the UF1 membrane
by dairy solution was mainly due to the binding between the membrane (polysulfone based)
andmilk proteins on the membrane surface. This was consistent with the wann&f&

Romijn (1990)that the major cause of irreversible protein fouling on polysulfone membrane
was whey protein adsorption on the membrane surface, instead dflpckang.

It should also be mentioned that the flux reduction was fulby recovered after
membrane cleaning with the cleaning protocol used in the study, therefore, more effective
cleaning methods for the flux recovery are needed. NonethElgag 6.17 also shows that a
full recovery and evera higher value in the milk solid retention was achieved with the
membrane cleaning protocol used. This is probably because the foulants assembled on the

membrane surface, acted as an extra resistance to milk solid permeation through the membrane.
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Figure 6.17 Decline and recovery of (apermeation flux and (b) retention of milk solid over 5
cycles of batchoperation and cleaningusing UF1 Feed solid content 12 wt.%, temperature:
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