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0 heerlijk huidje droog en klein
Jij houdt aroma's tegen
Dat vinden wij versakrikkelijk fijn
De retenties zijn gestegen
Met vriezen, sahuimen of gesproei
Het blijft altijd een groot geknoei
0 drogen, drogen, drogen
Dat we veel aroma's houden mogen

M.M.H.G.Piederiet
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Retention of volatile aromas during drying liquid foods
including coffee extracts and fruit juices is a requirement for
obtaining high-quality products. In this study the general
mechanism behind the aroma retention is investigated for three
types of drying processes: air drying of gelled and of non-gelled
slabs, spray-drying of liquid and of frozen solutions, and freezedrying of slabs and of granules. The study includes both an experimental and a theoretica! approach.
The experimental part deals with the determination of the
effect of process parameters on aroma loss during drying. For
these drying experiments a model liquid food is used composed of
an aqueous carbohydrate solution containing traces of acetone
and lower alcohols. From the results of the experiments conclusions
can be drawn regarding the factors that control volatile loss in
the three drying processes. In permeation experiments with cellophane membranes the simultaneous diffusion of water and of an
organic volatile component is studied. This simultaneous transport
is characteristic or drying liquid foods containing volatile aromas.
The theoretica! part of the study oomprises the derivations of
the equations governing the diffusional transport of water and of
volatiles in drying. The system is treated as a ternary one as
far ·as the transport of volatiles is concerned, and as a binary
one in cases where the transport of water and of dissolved solids
is involved. The effect of the water transport on the flux of
volatiles is analyzed in detail. Starfing from the diffusion equations, a theoretica! model is given for the quantitative calculation
of aroma loss during the air drying of rigid slabs. For the spraydrying and the freeze-drying process simplified models are presented.
With these models the effect of most process parameters on drying
rate and volatile loss are calculated. All calculations are performed using transport properties which are characteristic of
those of liquid foods.
A good agreement is in general obtained between the experimen-.
tally observed and the theoretically calculated effects of process
parameters on volatile retention.
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CHAPTER 1
INTRODUCTION

Liquid foods are very complicated aqueous mixtures containing
numerous mostly instable organic compounds. The water content of
natural fruit juices, coffee extracts, tea extracts and other
liquid foods is usually about 90 wt% with extreme values between
75 and 95 wt%. Considered from the standpoints of preservation,
transportation and storage a partial or total dehydration is
aften required.
The concentratien and drying of liquid foods is generally more
complicated than the dehydration of most "chemica!" products.
Liquid foods are in the first place sensitive to thermal treatment. Even at moderate temperatures many components in such
complex hydrophylic organic systems prove to be instable. Enzym,
0.
atic reactions can play a role at temperatures as lew as -10 C.
For many foods, including fruit juices, coffee extracts and tea
extracts the quality is primarily determined by the concentratien and composition of volatile aroma compounds. In the right
proportion these volatiles, which are present at very lew concentrations (p.p.m. range), constitute the characteristic aroma
and their retentien during the drying process is of the utmost
importance. Changes in aroma during the drying process can be
caused by chemical reactions. However, generally the quality is
more strongly affected by a physical loss of aromas in the
drying process. Almest all aroma compounds, even those with
high boiling points, have at the prevailing low Concentratiens
a high activity and are therefore much more volatile than
water (7). Owing totheir high volatility over the aqueous
solutions, the aroma components can be easily lost in an evaporation process.
The degree of volatility of an aroma component in an aqueous
salution can be' expressed by the relative volatility a.aw which
is defined as the ratio of the volatility of that component and
the volatility of water in the same solution and at the same

2

temperature
C'/C
a a

c;,/cw

(1-1)

where Cw is the water concentration in the solution, C'
the
·W
equilibrium water concentration in the gas phase, Ca the
concentration of the aroma component in the solution, and c~
the equilibrium concentration of the aroma component in the
gas phase. The relation between aaw and the pure vapour
pressures of the components at the prevailing temperature is
given by

(1-2)

where Ya and Yw are the thermodynamic activity coefficients in
the solution of the aroma component and water respectively, and
P! and P: are the pure vapour pressures of the aroma component
and of water respectively. Because the aroma components are
present in low concentrations, the activity coefficients are independent of the volatile concentration and vary only with the
temperature and the dissolved solids (non-volatiles) concentration. At equilibrium evaporation of an aqueous solution containing a volatile component (no resistance to.mass transfer of
the evaporating components in liquid or gas phase) it can be
derived for the ratention of the volatile component in the
remaining liquid mixture after a fraction (1-WR) of the water
initially present has been evaporated, that
AR=

(WR)

a

aw

(1-3)

where the ratention AR is defined as the ratio of the amount of
the volatile cpmponent still present in the mixture and the
amount of the volatile component initially present. For most
aroma components the value of a.aw is larger
than 5.. According
·
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to eq. (1-3) this means that only a smal! amount of water has
to be evaporated under equilibrium conditions in order to
lose almast all aroma components.
Notwithstanding the tendency of the aroma components to
evaparate much faster than water, in actual technica! drying
processes, such as freeze-drying (2-10) and spray-drying (1~11-14),
high aroma retentions have been observed in the dried product.
Also in more fundamental studies concerning the drying behaviour
and aroma loss of thin slabs and individual draplets significant retentions of volatiles have been observed (15-19). Same
insight into the mechanism of the retentien of volatiles can be
obtained if we consider the loss of water and aroma from an
aqueous salution during air drying. The high relative volatility
of the aroma component results in a very rapid depletion of the
aroma component at the evaporating interface of the drying
specimen and to an interfacial concentratien of the aroma component in the drying specimen approaching zero. Loss of aroma
during the drying process is then controlled by convective and
molecular transport in the drying specimen. The final aroma retention after completion of the drying process is only substantial if the resistance to aroma transport in the drying system
to the evaporating interface is much higher than the resistance
to water transport. The .difference in mass transport is most
pronounced in systems where internal mixing due to circulation
streams is absent. In these systems transport of water and
aromas is fully governed by the molecular mobility represented
by the molecular diffusivity. Owing to. the higher molecular
weight of the volatile components with respect to water volatile components have a lower molecular mobility than water molecules. It is clear that the difference in resistance to mass
transfer between water and aroma molecules decreases with increasing mixing effects in the drying specimen.
The first investigator to present a qualitative explanation
of volatile retention during ~rying on the basis of the difference in molecular mobility of water and the volatile components
wasThijssen (20). He showed that the difference in molecular
mobility between water and the volatile components is most pro-
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nounced at low water concentratien and is almost zero at high
water concentrations. This selective diffusivity of water at
low water concentrations is a characteristic proparty of aqueous
carbohydrate and protein solutions. A quantitative analysis of
the effect of process variables on volatile ratention based on
the selective diffusion theory was made by Thijssen and Rulkens
(1). These authors considered both the ratention in spraydrying and in freeze-drying. They assumed retentien in both
types of drying techniques to be caused by the same mechanism,
viz. the selective diffusion of water at low water concentrations. More quantitative insight into the mechanism of volatile
transport and the effect of process variables on aroma retentien
in air drying thin slabs bas been obtained by Menting (15). This
author clearly showed that the experimentally observed water and
volatile loss from a gelled drying slab was fully in agreement
with the water and volatile loss calculated by means of a simplified diffusion model, in which experimentally observed relatiensbips between water concentratien and diffusivities were
used. This agreement was confirmed by Rulkens and Thijssen (21)
who used a ternary diffusion model for the aroma transport.
Additional insight into the transport mechanism of volatiles
during air drying slabs was given by Chandrasekaran and King
(19} who presented a more extended theoretica! diffusion model
of water and volatile transport in a drying slab. With this model they obtained good agreement between experimentally observed
and theoretically calculated volatile and water concentratien
profiles in a drying slab. Important ~xperimental and theoretica!
work concerning volatile retentien in freeze-drying bas also been
done by Flink (5) and Flink and Karel (8~7). These authors did
not use the selective diffusion theory for explaining théir results
but postulated that aroma molecules can be more or less entrappad
in so-called micro-regions, composed of dissolved solids. Loss of
volatiles during drying was ascribed to the disruption of microregions.

5

The experimental and theoretica! work on volatilè retentien
during drying mentioned in the literature covers the effect of
only a few process parameters. In order to come to an optimization of the process conditions leading to maximum volatile
retention, it is necessary to have more information available
about the general basic principles which govern volatile transport and the effect of the characteristic aspects of the industrially applied drying techniques such as spray-drying and
freeze-drying on volatile loss. The general purpose of this
study is to provide additional insight into the mechanism of
volatile transport during drying liquid foods and into the
effect of the different process variables on the final retentien after drying. This study includes both an experimental
and a theoretica! approach. The evaluation of the experimental
part of this investigation was performed with a model liquid
food containing model volatile components. As model non-volatile
solid components glucose, maltose and two types of malto-dextrin
designated as MD20I and MD20II were used, the dextrose equivalents of both dextrins being 20. Each type of malto-dextrin
contained by weight 1.5% glucose, 4.5% maltose, 9,3% disaccharides, 6.0% tetrasaccharides, 4.5% pentasaccharides and 74.2% polysaccharides. The viscosity of the aqueous solutions of MD20II
was lower compared with these of MD20I. Most probably the difference in viscosity must be attributed to a different campositien of the polysaccharides. As model volatile components,ace.;.
tone and lower alcohols were used. The physical properties of
these model volatile components are summarized in Table (1-1).
The theoretica! approach makes use of the general multicomponent ditfusion equation. Tagether with the equations
governing the drying behaviour mathematica! models wil! be
developed descrihing the effect of the different process variables on volatile loss during drying. A cernparisen of experimental and theoretica! results provides à possibility of predicting volati~e retentien if drying conditions are known.
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Table (1-1)

Aroma
component
acetone
methanol
n-propanol
n-butanol
i-butanol
t-butanol
n-pentanol

Physiaat properties of the model voZatlte
aomponents at infinite diZution in ~ater.
Boiling point of
pure component
(OC)
56.5
64.7
97.8
111.7
99.8
82.8
138

Diffusion coeff~t Relq.tive
in water at 20°C
at infinite dilution volatility
a.aw
(cm2/s)
1.4010-5
1.2810-5
0.8710-5
0.8110-5
0.8010-5
0.7810-5
0.6910-5

46
8
16
27
35

32

In Chapter 2 the equations descrihing the diffusional transport of water and of volatiles in a liquid food are derived f.rom
the general multi-component diffusion equation. Literature data,
relevant .to the transport properties in liquid foods are given
tagether with some additional data of diffusion coefficients of
model volatile components that we have observed in frezen aqueous
malto-dextrin solutions. · From the diffusion equations it fol.lóws
that in a drying system transport of volatiles is strongly influenced by the f1uxes of water and of dissolved so1ids. This influence is discussed by means of a theoretica! model which involves the simultaneous diffusional transport of water and a
volatile component through a membrane. The effect of a water
flux on the transport of volatile components in a drying aqueous
salution is experimentally simulated by the simultaneous transport of water and acetone through a cellophane membrane. Bath
the case in which the water flux and the acetone flux are
counter-current and the case in which these fluxes are cocurrent are investigated.
In Chapter 3 the loss of volatiles from gelled and non-gelled
drying slabs i,s investigated experimentally. The results are
discuseed on the basis of the selective diffusion concept.
Furthermore, a theoretica! model of the water and volatile trans-
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port in the drying slab is presented for the case that transport occurs only by molecular diffusion. The diffusion equations
used in this model are the same as these which have been derived
in Chapter 2. From the experimental results and the theoretically calculated results conclusions can be drawn about the separate effect of almest all process parameters upon drying rate
and volatile loss.
Chapter 4 describes drying experiments carried out in a small
industrial spray-drier. In this drier, both drying experiments
with a liquid feed atomised by a pressure nozzle, and drying
experiments with frezen granules of the liquid feed have been
performed. For the interpretation of the experimentally observed
volatile retentien of the dried product in terros of process
parameters both the selective diffusion theory and the characteristic aspects of the spray-drying process itself will be con·sidered. In this chapter a simplified theoretica! model of the
water and aroma loss from a drying droplet in which mass transfer is governed by molecular diffusion only is also discussed.
From the experimental and calculated results optimum conditions
for obtaining highest volatile retentien are derived.
Chapter 5 deals with volatile retentien in freeze-drying
slabs and layers of granules. The experimental results, obtained with two small laborátory freeze-driers will be discussed
on the basis of the selective diffusion theory, the theory of
micro-structures and the specific drying aspects o.f the freezedrying process itself. Moreover, a theoretica! model of the
aroma loss of a drying slab is developed. With this model the
effect of the most dominant process parameters on volatile retention can be calculated. Ta some extent this model can also
be applied for the predietien of aroma loss during the drying
of granules.
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CHAPTER 2
THE DIFFUSIONAL TRANSPORT OF WATER AND
VOLATILES DURING THE DRYING OF LIQUID FOODS

2.1 Introduetion
During drying liquid foods containing organic volatiles,
transport of water and volatiles in the

dryin~

system can take

place by both molecular diffusion and convection. Which mechanism prevails depends on the drying conditions. For highly
viscous liquids and for frozen materials the flux of water and
volatiles is controlled by molecular diffusion. In drying liquid
foods with a low initial dissolved solids content transport in
the first stage of the drying process will occur mainly by internal circulation streams. However, at the end of the drying
process, when the water concentratien in the drying material is
low, transport is purely molecular. In this chapter only the
purely molecular transport and the convective transport caused
by a molecular diffusion flux will be discussed.
A liquid food containing organic volatiles can be considered
as a multi-component system consisting of water, dissolved solids and volatiles. This generally means that the diffusion flux
of a component in this system is influenced by the fluxes and
concentrations of all other components. Because the volatile
compon·ents are present in the p.p.m. concentratien range, the
transport of a specific volatile component during the drying
process will be independent of the transport rates and concentrations of the other volatiles, and is only influenced by the
flux and concentratien of water and of the non-volatile dissolved solid molecules. Owing to the low concentratien of the volatiles the water flux and the flux of the dissolved solid molecules
are not influenced by the volatile components. Considering the
non-volatile dissolved solids mixture as one component, it follows
that the diffusional transpor·t in a liquid food containing volatiles can be treated as a ternary system as far as the transport
of the volatiles is concerned, and as a binary system where the
transport of water and of dissolved solids is involved.
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In section 2.2 the transport equations for volatiles, water,
and dissolved sclids will be derived from the general multicomponent diffusion equation. From these equations simplified
versions will be derived. The most important literature aata
concerning the water concentration dependenee of the water and
volatile diffusivities and activities in model liquid foods
will be briefly summarised in section 2.3. In section 2.4 experimentally observed volatile diffusion coefficients in frozen
aqueous malto-dextrin solutions will be presented. The experimental set-up used in measuring these diffusion coefficients
and the interpretation of the measurements in terros of diffusivities will be given in detail. From the ternary diffusion
equation for volatile transport it follows that the water flux
strongly influences the transport of volatiles. In section 2.5
this effect wi l l be treated in full detail. It will start with
a theoretical consideration of the stationary transport of
water and volatiles through a membrane. The simultaneous transport of water and volatiles occurring in the thin surface layer
of a drying system will be simulated experimentally by the
simultaneous transport of acetone and water through cellophane
membranes.
2.2 Diffusion equations for water and volatiles in liquid foods
2.2.1 General diffusion equation for multi-component systems
The diffusional transport in an isobaric and isothermal
multi-component system can be described by equations based on
a hydrodynamical, a thermodynamic, a kinetic or a kinematical
approach ( 22 -

40 ). In fact, to some extent all these diffusion

transport equations are similar and consist o f a set of linear
relationships between fluxes and driving farces. The driving
force for diffusion is the gradient of the concentration or the
gradient of the thermadynamie potential. The dif f usion coe fficients defiped in the different types of equations are related to eac h other . Not all these diffusion coefficients are
independent. For an n-component mixture there are in general
2
(n-1)
di ff u s ion coefficients, but only n(n-l)/2 are indepe n dent.
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One of the most practical equations for descrihing diffusion
transport in an isobaric and isothermal n-component system is
the generalised Stefan-Maxwell equation, based on the hydiodynamical concept of diffusion. For this model the diffusion transport is given by the relationship

*
Ci'ilJ.li
RT

I

n

* *

cicj

...

.....

( 24 )

i=1, ... ,n

* * (V. -V . )
C D ..
J
l
lJ

(2-1)

j=1

}~i

where C * is the total molecular concentration, ei* the molecular
concentratien of component i, C.* the molecular concentratien of
J

component j, J.l. the thermadynamie potential of component i, R
~

l

the gas constant, T the absolute temperature, V. the linear veJ
locity of the molecules j with respect to stationary coordinates,

v.

the linear velocity of the molecules i relative to stationary
*
coordinates, and D . . the multi-component diffusivity of compol

lJ

nent i and j, representing the mobility of component i with respect to component j.
consictering eq. (2-1), it can easily be seen that the lefthand term of the equation is a driving force. The right-hand
term of the equation is composed of linear relations of n fluxes.
Between the multi-component diffusivities the following relationship applies
D *..

Jl

i=1, ... ,n

j=1, ... ,n

j~i

(2-2)

The thermadynamie potential of component i, J.li' varies with the
thermadynamie activity ai of that component, as
i=1, ... ,n

where J.li0 is the thermadynamie potential of component i

(2-3)

in the

standard state, yi is the activity coefficient of component i, and

..

xi is the molecular fraction of component i, which is defined as

x.l*

i=l, ... ,n

(2-4)
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For an n-component system tQe molecular fractions of the
different components are related by

r x:"r
i=1

(2-5)

1

i=1

The thermodynarni; potential

~i

depends on n-1 independent molec-

ular fractions x .. At constant temperature and pressure it
J

therefore follows for the gradient of

I ['"i] .

~i

that

n

--*

v~i

ax.

i=l, ... ,n

llX.

(2-6)
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j=1
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At constant temperature and constant p r essure it can be derived
from the Gibbs-Duhem equation that

r_

n

*

xiv~i

i=1

I

(2-7)

0

i=1

For practical purposes such as diffusion in non-ideal liquid
mixtures, eq. (2-1), which is an equation on molecular bases, is
not very suitable and is better transformed to the corresponding
equation on mass bases. For that purpose use is made of the
rela tions h ips
i = l, ... ,n
and
p

r_
i=1

ei =

r
i =l

*
e.M.
~

~

e*

r_

*
X.M.
~

~

(2-8)

(2-9)

i=l

whe re e i i s the ma ss concentratien of c o mpone nt i , Mi is the
molecular weigQt of component i, and p is the tota: density.
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Substitution of eqs. (2-3), (2-8) and (2-9) in eq. (2-1) gives
n

C.IJZna.
1.

1.

L

=

c.c .......

2....l(v .-v. l
pDij

J

i=1, •.• ,n

(2-10)

1.

j=1

j~i

D . . is the multi-component diffusivity of component i and j on

*

1.]

weight basis. The relation between Dij and Dij appears from

r

i=1, .•• ,n

j=1, .•• ,n

j~i

(2-11)

k=1

The diffusivities D .. , defined according to eq. (2-11), are not
1.]

symmetrical. From eqs. (2-2) and (2-11) it can be derived that
D .. M .
1.]

1.

i=1 ... ,n

D .. M.
]1.

J

j=1, .•. ,n

j~i

(2-12)

...

The mass flux of component i, N , relative to stationary coordi1
nates is given by
i=1, ..• ,n

(2-13)

Substitution of eq. (2-13) in eq. (2-10) results in

Ci'ï/Zna1

...

...

n

L

(CiNj-CjNi)
pDij

i="1, .•. ,n

(2-14)

i =1, ..• ,n

(2-15)

j=1

j~i

or
n

pX.IJZna.
1.
1.

=L
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...

...

(XiNj-XjNi)
D ..
1.]

j~i

where Xi is the weight fraction of component i, defined as
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i=1, ... ,n

(2-16)

For an n-component system the weight fractions are relat~d by

(2-17)

1

In accordance with eq. (2-6) the gradient of the activity ai of
component i

depe nds on n-1 independent mass fractions Xi (or

mass concentrations C.) and can therefore be represented by the
l

equation

(2-18)

2.2.2 Diffusion equation for water and dissolved solids
As p o inte d out b e fore , the diffus ion of wate r and of di s solved solids in a liquid food can be treated as binary diffus ion.
The binary diffusion equation can be deri v ed from the general
multi-component diffusion equation. Fo r the two-compone nt water
dissolved solids system eq. (2-15) b ecomes

....
....
pX 9Z na = (X N -X N )/D
w
w
w s s w
ws

(2-19)

The subscripts w and s indicate water and the dissolved solids
r espectivel y . The water a ctivity aw de pends on the mas s f rac tion
of water

9Zn a

~

only. Therefore it can be written as

(2-20)

w

It follows f rom

~q s .

( 2-19) and (2-20) that

exwNs -x s Nw ) ; ows
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( 2-2 1)

With eq. (2-21) and the relation
(2-22)
..lo

the mass flux Nw of water relative to stationary coordinates
can be represented by
_.
X Cla
XwN-p Dws ~(~)VX
a
ClX
w

w

(2-23)
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..lo

where N is the total mass flux with respect to stationary
coordinates
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In a similar way for the mass flux Ns of the dissolved solids
component can be derived
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eq. (2-23) becomes

NW =xWN-po**vx
WS
W

(2-28)

and eq. (2-25) becomes
(2-29)
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Fromeqs.(2-22),
D **

D

ws

(2-24),

(2-28) and (2-29) it fellows that
(2-3 0)

w

Eqs. (2-28) anq (2-29) are identical with the diffusion equations for binary systems as defined by Bird et al . ( 22 ).
From the foregoing it fellows that the diffusion transport
of water and dissolved solids can be described with only one
diffusion coefficient Dw. Basically the driving force for the
diffusion transport is the gradient of the chemical potential.
Because the activity coefficient is concentratien dependent and,
moreover, the molecules of water and dissolved solids differ in
size and shape, the diffusion coefficient Dw is concentratien
dependent.
A simplified version of eq. (2-28), allowed for low water concentrations, is aften given by
--"

N

-D 'JC

w

w

(2-31)

w

2.2.3 Diffusion equation for the volatile components
The equation for the diffusional transport of a volatile
component can be derived from the general multi-component
diffusion equation
C 'JZna
a
a

..

=

~

~

~

~

(X N -X N )/D +(X N -X N )/D
a w w a
aw
a s
s a
as

(2-32)

where Na is the mass flux of the volatile component with respect to stationary coordinates. The subscript a refers to the
volatile component. Daw is the multi-component diffusion coefficients of the volatile component and water. Das is the multicomponent diffusion coefficient of the volatile component and
the dissolved solids component. Daw represents the mobility of
the volatile component with

re~pect

to water, while Das repre-

sents the mobility of the volatile component with respect to
the dissolved solids component. Eg. (2··32) can be rearranged to
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...

N

-c a Da Vlna a +x a Da Nw/D aw +x a Da Ns /D as

a

(2-33)

where Da is given by
(2-34)
The mass flux of the volatile component a is composed of three
terms. The first term

-c a Da Vlna a
illustrates the effect of a gradient in activity of the volatile component a on the mass flux. The second term

represents the influence of the water flux on the flux of volatiles. The third term

shows the effect of the dissolved solids flux on the volatile
flux.

In actual drying processes the fluxes of water and dis-

solved solids are generally in opposite direction. This means
that the effect of water flux and dissolved solids flux on
volatile transport is a1so counterbalanced. Which term prevails
at a certain moment depends on the fluxes of water and dissolved solids and the multi-component diffusivities Dawand Das
In the ternary system of water, dissolved solids, and
volatiles the activity of the volatile component varies with
the volatile concentration and the water concentration. Therefore,

Vlna a

~

= -lnaa]
--

ac

a

[:l

lnaa]
c vc a + ac- - vc w
w

w

(2-35)

ca

As a consequence of the fact.that the concentration of the
volatile component is extremely low, the activity coefficient
of the volatile component is independent of volatile concentration and depends only on the water concentration. Therefore,
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the activity aa can be presented by the linear equation
(,2-36)

H C
a a

where Ha is a proportionality factor, which only varies with
the water concentration. The factor Ha is proportional to the
activity coefficient Ya· From eq. (2-36) it fellows that

(2-37)

and
(2-38)

Substitution of eqs.(2-35)-(2-38) in eq. (2-33) results in
dZnHa

-D VC -C D
a a a a

(~) V C

w

.:.

_,

+X D (N /D +N /D
)
w a a w aw s as

(2-39)

Eq. (2-39) is suitable for the interpretation of experimental
results in which the molecular weight of the dissolved solids
component and, consequently, also the total molecular concentratien are not known.
In measuring the diffusion coefficient of volatile trace components in a liquid or semi-solid system with no water or dissolved solid transport, the flux of volatiles is generally defined as
-D VC
a a

(2-40)

where Da is called the pseudo-binary aroma diffusion coefficient.
'J.'he relation between the pseudo-binary aroma diffusivity Da and
the ternary component diffusivities Daw and Das is given by eq.
(2-34).

2.3 Diffusion coefficients and activity coefficients of water
and volatiles in aqueous carbohydrate solutions above
freezing temperatura
2.3.1 Effect of water concentratien on the water diffusivity
The binary diffusion coefficient Dw in aqueous carbohydrate
solutions is strongly dependent on water concentration. The
variatien of D

w with water concentratien has been measured for

aqueous solutions of coffee extract (1)

1

starch gel (4 1 )

1

glu-

cose and sucrose (42-44) and malto-dextrin (16). From these
measurements it is observed that at low water concentrations
a decrease in water content results in a strong decrease in
the binary diffusivity; while at high water concentrations the
binary diffusivity decreases only slightly with decreasing water concentration. This effect is clearly shown in Fig. (2-1)
where for coffee extract and malto-dextrin the diffusivity is
given in dependenee on the weight fraction of water. It is obvious from the figure that between 100 and 30 wt% water the
diffusivity varies by less than a factor 15 1 while a change in
water concentratien from 20 to

5

wt% results in a variatien

o f the diffusivity with more than a factor 1000. The same
characteristic effect is also observed in other aqueous carbohydrate systems.

10- 5

10- 7

Fig. (2-1) Effect of wa te r
c o n centr a ti o n o n t h e dij fusio n c o effici e n t o f wa te r a nd acetone in coffee
e xtrac t (1) an d in malto d extr i n s ol ut io ns ( 16) a t

D (cm 2 /s)

r
water in malto-dextrin

2s0 c.

in malto-dextrin
water in c offee extra ct

acetone in coffee extract
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2.3.2 Effect of water concentratien on the volatile
diffusivity
Data of experimentally determined diffusion coefficients
of volatile trace components in ternary aqueous carbohydrate
systems are rather scarce. For acetone as the volatile component the water concentratien dependenee of the pseudobinary diffusivity was measured in aqueous solutions of coffee extract by Thi j ssen and Rulkens (1 ) and i n a q u e ous solutions of malto-dextrin by Menting (16) _ I n the exper i ments
in which these diffusivities were obtained the flux of acetone was not accompanied by a simultaneous flux of water.
Therefore the acetone dif_ u ivity was calculated from the experimental results using eq. (2-40). The results are presented
in Fig. (2-1). The figure shows at low water concentrations a
streng decrease in the diffusivity wi th decreasing water concentration. This decrease in acetone diffusivity is much
strenger than the decrease in the water diffusivity with decreasing water content. This is also clearly shown in Fig.
(2- 2 ), where the ratio of the acetone diffusivity Da and the
wate r dif f u s ivi t y Dw are given in d e pendenee on the wat er
c onc entration. The f igure illustrates that below water concentrations of about 15 wt% the ratio Da/Dw becomes so small
that the system can actually be considered as being selectively permeabl e to water only.
Th e e f fect o f water concentratien on the ternary di ff usion
coefficie nts o f volati l e trace componènts i n aqueous s olutions
of fructose, glucose and sucrose was measured by Chandrase karan
and King (35). Notwithstanding the fact that these authors
used the ternary diffusion equation for the interpretation
of the e x perimental re s ults, t heir ternary diffusivities can be
translated by goed approxima tion in terms of p s eudo-binary
volatile di f fu s ivitie s as d e fined by eq . (2-34). It fe llows
from this translation that, similarly to the pseudo-binary
acetone diffusivity in aqueous malto-dextrin solutions and cof-

20

Fig. (2-2) Effeat of wate:r>
a~naentration on the ratio
of the diffusion aoefficient
of acetone and water in aoffee erotraat (1} and in maZtoderot:r>in soZutions (16) at
25°C.

roalto-dextrin

coffee extract

·fee extracts, the pseudo-binary diffusivity of the various volatile components at low water concentration strongly decreasas
with decrease in water content. A same trend was observed in
the variation of the ratio of the pseudo-binary volatile diffusivity and of the water diffusivity with water concentration.
2.3.3 Effect of

tempera~ure

on the diffusivities

The effect of temperature on the diffusivity is given by the
Arrhenius equation
(2-41)

where Ea is the energy of activation and D0 is a constant.
Bath D0 and Ea are invariable in temperature and functions of
the water concentration only. Fish (41) found for gelatinized
starch that Ea varied between the values 4.5 kcal/male at high
water concentrations and 9.8 kcal/mole at a moisture content of
only 0.8 wt%. Henrion (43) and English and Dole (44) have measured the effect of te~perature on the water concentration dependance of the binary diffusivities of aqueous solutions of
glucose and sucrose. From their measurements an increase in the
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activatien energy with increasing dissolved solids concentratien is also observed. The same effect has also been observed by Van der Lijn (45) for the system maltose-water.•
Chandrasekaran and King (35) measured the water concentratien dependenee of the activatien energy for the volatile
trace component ethanol in the ternary system of ethanolwater-sucrose. It was observed that the activatien energy of
the pseudo-binary ethanol diffusivity increased with decreasing water concentration. The increase was much strenger
than the increase in the activatien energy of the water diffusivity. The same effect can be expected for other carbohydrates
and volatiles. The consequence is that at constant water
concentratien the ratio of the volatile diffusivity and the
water diffusivity will decrease with decreasing temperature.
2.3.4 Activity of water in agueous carbohydrate solutions
At constant temperature the relationship between the water
concentratien in the liquid phase and the water activity is
given by the sorption isotherm. Typical sorption isotherms of
aqueous carbohydrate solutions in which no crystallization
effects occur are shown in Fig.(2-3), where for two different
temperatures the sorption isotherm of an aqueous malto-dextrin
solution is illustrated. Because of the high molecular weight
of the dissolved solids, a substantial depression of the water
activity is only found at water concentrations below about
25 wt%. At constant water concentratien the activity of the
Fig.(2-3)

Wate~

so~ption

isotherm of aqueous malto-dext~in (MD20I) soZution. The tempe~ature is
the pa~amete~.

aqueous malto-dextrin solution increases with increasing temperature. This is also confirmed in the literature for other
carbohydrate solutions (46).
2.3.5 Activity coefficients of volat1les in aqueous carbohydrate solutions
The activity coefficient of a volatile trace component in
aqueous carbohydrate solutions increases with decreasing
moisture content. This is clearly illustrated by Menting (16)
for aqueous malto-dextrin solutions containing acetone as volatile component. The increase in the act1vity coefficient
with decreasing water content is confirmed by Chandrasekaran
and King (47). From their experiments with aqueous sucrose solutions containing different organic volatiles i t is also clear
that the strengest increase in activity is obtained for volatiles with the highest molecular weight. For homologues the
activity coefficients increases strongly with increasing molecular weight.
From experiments by Buttery et al. (48) concerning the effect
of volatile concentrations of .various organic compounds on their
equilibrium constants over water it fellows that below volatile concentrations of 10 4 p.p.m. the equilibrium constant is
independent of the volatile concentration. This means that below this concentratien level the activity coefficient beoomes
independent of the volatile concentration.
2.4 Diffusion coefficients of volatiles in frozen aqueous maltodextrin solutions
2.4.1 Introduetion
Loss of volatiles in freeze-drying aqueous carbohydrate solutions is mainly governed by the resistance to mass transport
in the frozen material as will be discussed in detail in Chapter
5. This frozen material consists of pure ice crystals separated
from each other by a highly concentrated semi-liquid or semi-solid
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phase (matrix) containing the volatiles. The water concentratien
in the semi-liquid or semi-solid phase decreasas with decrease
in temperature down to a critical value, below which the water
concentratien remains constant. This is clearly shown in Fig.
(2-4), where ,for an aqueous malto-dextrin (MD201 ) salution the
freezing point is given as a- function of the dissolved solids
concentration. Transport of the volatiles in the semi-liquid or
semi-salid phase can be described by molecular diffusion. Onderstanding the mechanism of volatile loss during freeze-drying
requires information about the temperature and water concentratien dependenee of the diffusivities. In the literature, however, there is a remarkable lack of information on the temperature and water concentratien dependenee of the diffusivities in
frezen aqueous solutions,
Fig. (2-4) Effect of the aoncen-

1.0

tration of disao~ved ao~ida on
freezing point of aqueoua ma~
to-de~trin (MD20I) so~ution (49).
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The diffusivity of an aroma component in a frezen material
can be obtained from desorption experiments by measuring the
rate of loss of the volatile component from the material if geometry,initial volatile concentratien and physical conditions
outside the material are kno~. On this principle the diffusivities of some model aroma components in frezen aqueous maltodextrin solutions were determined in dependenee on temperature.
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The desorption experiments were performed with both granules
and slabs. The fermer have the advantage of great specific surface at which volatiles can evaporate, and are very suitable
for measuring low values of the diffusivities. The disadvantage
of the method,with granules, however, is the different and
irregular shape of each granule, which complicates and often
makes impossible exact interpretation of the observed volatile
loss-time curves. Using slabs in the desorption experiments
facilitates exact interpretation of the measurements, but has
the drawback that for low diffusivities the relative loss of
aromas per unit time is small because of the relatively small
specific surface of the slab.
2.4.2 Experimental
2.4.2.1 Sample preparatien
Aqueous solutions of 20 wt% malto-dextrin (MD20I) were prepared to which methanol, n-propanol, and n-pentanol were added
as model volatile components. The maximum concentratien of each
volatile component was 3 wt% on dry basis. The liquid salution
containing the volatiles was cocled to its freezing temperature
and then poured into a precocled perspex sample holder with a
copper bottom, which was placed on a heat exchanger. By cooling
the liquid layer via the copper bottom, a constant freezing
rate of

0.00067 cm/s was obtained. The freezing procedure was

almest similar to that applied in the !reeze-drying process.
For more detailed information the reader is referred to Chapter
5. After complete freezing, the layer was further cocled with
liquid nitrogen and then used either for making thin slabs or
for preparing granules.
In making thin slabs the upper part of the frezen layer was
turned on a lathe until a slab with a thickness of about 0.1 cm
was left. In order to prevent.melting effects during this procedure the layer was washed continuously with liquid nitrogen.
After the desired thickness of the slab was obtained the slab
was removed from the sample holder and in that state used for
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the desorption experiments.
For preparing granules the whÓle layer was removed from the
sample holderafter freezing and granulated in a mortar. buring
this process the granules were kept at a low temperature.by
adding liquid nitrogen. After granulation the particles were
sorted out in fractions of the desired diameter range by means
of a vibration sieve at -45°C in a refrigerating box.
For the experiments samples with partiele diameters between
0.032 and 0.100 cm as well as samples with partiele diameters
between 0.009 and 0.016 cm were used. The experimentally observed partiele size distribution of the former sample is given in
Table (2-1).
Table (2-1) ExperimentaZZy observed partiele size distribution
of partieles with diameters between 0.032 and 0.100 am.

size of interval 2Li (cm)
0.032
0.040
0.050
0*063
0.080

weight 'fraction w.
~

< 2L. < 0.040
~

< 2L. < 0.050
~

< 2L. < 0.063
~

<

< 0.080

< 2Li < 0.100

0.236
0.187
0.202
0.230
0.145

2.4.2.2 Evaluation of the desorption experiments
For the desorption experiments the granules were placed in
glass dishes (diameter 12 cm) in a layer of 0.2 to 0.3 cm in
thickness. The dishes were placed in a desiccator together with
a dish containing 15 g activated charcoal for absorbing the
volatiles lost by the granules, and another containing small
pure ice particles. The amount of activated charcoal was sufficient
to maintain the vapour pressure of the volatile components ln the
gas phase at a negligibly low value during the desorption experiment. From previous experiments it was known that during the
desorption experiments some ice sublimated on the wall of the
desiccator. The.presence of pure ice crystals in the desiccator
retarded the rate of this sublimatien process considerably. The
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sublimatien of water from the granules and the condensation of
water in the form of snow on the wall of the desiccator could be
minimized by insulatin9 the desiccator by styrofoam. The.desiccator
was evacuated to a pressure below 2 mm Hg and thereupon placed in
a cooling box set at the desired temperature. Evacuation of the
desiccator was necessary in order to diminish the resi'stance to
mass transfer in the gas phase to such a low value that the volatile
concentratien in the granule at the interface could be considered
equal to zero. This condition makes an interpretation of the experiments in terms of diffusivities more accurate.
In each run about 12 desiccators were used. At set time intervals, the granules were removed from one of the desiccators and
analyzed on volatile loss and water loss. To prevent aroma loss
during sample handling, directly upon opening a desiccator, the
granules were cocled with liquid nitrogen.
In the experiments with slabs almest the same experimental pro~
eedure was applied, the only difference being that now a sieve with
high porosity was used instead of a glass dish.
2.4.2.3 Analytica! methods
Determination o[ moisture Zoss during the desorption

e~periments

The moisture content of a sample was calculated from the
weight loss of the sample during drying for 24 hrs at 60°C
above silicagel in an atmospheric oven foliowed by drying in a
vacuum oven at 105°C over P 2 o until constant weight was at5
tained. The moisture loss of the sample during· the experiment
was calculated from the moisture content of the sample befere
and after the experiment.
Determination o[ voLatiZe Zoss during the desorption

e~periments

For the determination of the volatile concentratien in a
sample after desorption reference is made to Appendix (2-1).
The loss of volatiles was calculated from the amount of the
aroma component retained in the sample after desorption per

unit máss of solids·and thë amoun:t originally present in the
sample·pèrunit massof.sölids.
an:d discussion

Effect of initiat votatiZe eoneent:r>ation on Zoss of voZ.atiZes_
From experiments with granules contäining 1/3, 1, and 3 wt%
of·each volatile component on dry basis it follows that up to
1 wt% · the re·lative · loss of volatiles is independent of the
initial volatile concentratien and increases with increasing
volatile concentratien above initia! concentrations higher than
1 wt%. The increase in relative loss with increasing volatile
concentratien is strengest for n-pentanol and least for methanol.
Apparently, for total volatile concentrations above 3 wt% on
dry basis the diffusivity of the volatile molecules is influenced
by the concentration. It is to be expected that an increase in
volatile concentratien results in a decrease in the mean molecular weight of the matrix phase which might correspond with
higher permeability. Furthermore, it is possible that for volatile concentrations above 3 wt% the solubility of the volatile
components in the matrix is exceeded during the freezing process.
This effect can also result in an increase in diffusivity.

Effect of temperatu:r>e on toss of votatil-es
For different temperatures the loss of volatiles and water
from granules with mean diameters between 0.032 and 0.100 cm
is shown in dependenee on time in Fig. (2-5). From the figure it
is clear that for identical time inter~als aroma loss is higher
for higher temperatures. The figure further illustrates that the
loss of the alcohols increases in the range n-pentanol,
u-propanol and methanol. This result is in full agreement with
the assumption that transport of volatiles in the frozen system
occurs by molecular diffusion. Below -35°c the loss of n-propanol and n-pentanol during the running time intervals of the experiments can even be neglected. The loss of these volatile components becomes only appreciable at temperatures above -25°c.
The loss of water from the granules also increases with 1ncreas1ng temperature. The volatile retentien-time curves for
n-propanol and n-pentanol tend to reach a constant value. This
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effect is the strenger the lower the temperature. The curves
of methanol, however, show a continuous decreasein retentien
with increasing holding time, even at low temperatures.
For granules with mean diameters between 0.009 andO.tl16 cm
the lossof volatiles and water is shown in Fig.(2-6). The
temperature is the parameter. The figure illustrates a somewhat similar effect of temperature on loss of volatiles as was
found with the larger granules. At the same temperature the
Fig. (2-7) Variation
of alcohol retention
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smaller granules have a greater loss of volatiles than the
larger granules. This effect can be easily understood from the
fact that the smaller granules have a much larger specific surface from which volatiles can evaporate. Furthermore, the resistance to mass transport is lower owing to the smaller dimensions. From-the retentien curves at -35°C it is clear that,
similar to the results observed in the experiments with the
large granules, the retentien of n-pentanol and n-propanol
tends to attain a constant value at infinite time.
Fig.(2-7) shows the lossof volatiles from frozen slabs during the desorption experiments. In these experiments the loss
of water was not measured. The curves confirm roughly the results
already observed in the experiments with the granules. Compared
with the rate of loss of volatiles from the frozen granules,
the rate of loss of volatiles from the frozen slabs is substantially lower.
2.4.3 Calculation of diffusion coefficients from experimental
results
2.4.3.1 Physical model of the desorption process
The experimental results obtained in the desorption experiments can be used for calculating the temperature dependenee
of the volatile diffusivities in the frozen material. For this
purpose mathematica! models of the diffusional loss of volatiles from a slab and from granules will now be derived. The
following assumptions are made:
The initia! concentrations of the volatile components in the
granule or slab are homogeneous.
- Transport of volatiles in the granule can only occur by
molecular diffusion. The diffusion process is isotropic.
- The volatile concentratien at the surface of granule or
slab is zero.
The slab is considered infinite in the direction parallel
to the main surface.
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- In each experiment all particles have the same shape.
Two types of partiele shape are considered: spherical and
cubical.
- The granules with diameters between 0.032 and 0.100 cm are
divided into 14 subfractions which are in accordance with
the experimentally observed partiele size distribution.
The granules with diameters between 0.009 and 0.016 cm are
divided into 7 subfractions of equal interval width.
Each subfraction is characterized by a mean partiele diameter 2L.~ and a weight fraction w.~ • It is assumed that for the
granules with diameters between 0.009 and 0.016 cm each subfraction has the same weight.
A detailed description of the mathematica! model of the desorption process based on these assumptions is presented in
Appendix (2-2) •
2.4.3.2 Discussion of the calculated diffusivities
For granules with diameters between 0.032 and 0.100 cm the
calculated aroma retentien-time curves are compared with those
observed experimentally, see Fig. (2-8), Fig. (2-9),, and Fig. (2-10).
For the theoretica! curves'the pseudo-binary vola'tile diffusivity Da is taken as par~meter. In the experimental curves the
temperature T is taken as parameter. From the figures it is
clear that with the theoretica! model the experimentally observed loss of volatiles can only be described approximatively.
In genera!, for low temperatures the e~perimentally observed
curves tend to attain a constant value, especially for n-propanol and n-pentanol, whereas the theoretica! curves decrease
continuously with time. The agreement between theoretica! and
experimental curves is highest for methanol and lowest for
n-pentanol. The deviation between the trends of experimental
and theoretica! curves has also been observed for the granules
with diameters between 0.009 and 0.016 cm and for the slabs.
Three factors might be responsible for these deviations. For
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low temperatures it may be expected on the theory of Flink and
Karel (8,7) (see Chapter 5) that part of the volatile molecules
is encapsulated in rnicro-regions and is, therefore, excluded
from the diffusion process. This means that the final aroma
retentien rel~tive to the total initia! concentratien attains
at infinite time a constant value different from zero. However,
from the experiments with small granules it is clear that for
temperatures'down to -35°C no encapsulation of methanol molecules occurs. Notwithstanding this, deviations between the experimental curve and the theoretica! curve are observed, also
for methanol. The secend factor is a decrease in specific surface
with time as a consequence of the fact that during the desorption experiments some coagulation of the granules takes place.
A slight coagulation process has been observed in the experiments.
The third factor to explain deviations between the theoretically
calculated and the experimentally observed results is the slight
freeze-drying during the desarptien experiments. However, this
effect counterbalances that of coagulation on volatile loss.
The interpretation of the experimental results can occur on the
basis of a pure diffusion process or on the basis of diffusion
and encapsulation. Probably the latter interpretation corresponds more with reality than the fermer does. However, here,
only. the more simple model of the pure diffusion process will
be considered. The diffusion coefficients wil! then be calculated by oomparisen of the first part of the experimentally
observed retentien-time curve with the theoretica! curves. The
results of the calculations are shown in Fig.(2-ll), where the
diffusivity is given in relation to temperature for methanol,
u-propanol and n-pentanol, respectively. The figure clearly
illustrates the decrease in diffusivity with decrease in temperature. The decrease is strengest at high temperatures and
smallest at low ternperatures. At temperatures above about
-20°C a decrease in ternperat~e results in a streng decrease
in water concentratien of the matrix between the ice crystals.
In this region the decrease in diffusivity with decreasing tem-
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Fig.(2-ll) Effect of tempel0- 7 r---------------------------, rature on aLcohol diffusivities
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perature is caused by the activation energy for diffusion
(determining the effect of temperature on diffusion at constant
water concentration) as well as the effect of a change in water
concentration on the diffusion. However, at temperatures below
-30°C the water concentration in the matrix is almast independent
of the temperature. Therefore, at low temperatures the diffusivity
will only be affected by the temperature and not by a change in
water concentration of the matrix. From Fig. (2-11) it is alsfr
clear that the diffusivity strongly decreasas in the range methanol,
n-propanol and n-pentanol. It is likely that for n-propanol and
n-pentanol the decrease in diffusivity with decrease in temperature
is less strong tl;lan
. is illustrated because part of the n~propanol.
and n-pentanol is encapsulated in micro-regions. As shown by the
experiments, this part seems to increase with a decrease in
temperature.
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From the Da-T relationship the activation energy Ea of the
diffusivlty can be calculated according to the equation
d (lnD }

a
- R d(l/T}

(2-42}

These activation energies are shown graphically in Fig.(2-12)
in dependenee on temperature.
Fig. (2-12} Effeat of temperature
on the aativation energy of
alaohol diffusivities in frozen
aqueous malto-dextrin (MD20I)
solution.
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2.5 Effect of water flux on transport of volatiles
2.5.1 Introduetion
ouring the drying process of a liquid food containing volatiles the water flux in the direction of the evaporating surface is coupled to a flux of dissolved solids in opposite direction. From the ternary diffusion equation it follows that these
fluxes have an opposite effect on the convective transport of
volatiles to the evaporating surface. The water concentration
gradient at the evaporating surface and the change in the water
concentration in the drying system are fully determined by the
water flux at the evaporating surface. Because the volatile diffusivities and'volatile activitiès are strongly water concentration dependent, the water flux strongly influences the transport
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properties of volatiles. The effect of the water flux on the
transport of volatiles has been studied theoretically by considering the stationary transport of water and volatiles
through a membrane. Experimentally the effect of the water
flux on the transport of acetone as a trace component through
a cellophane membrane has been investigated.
2.5.2 Theoretica! consideration of the effect of the water
flux on the volatile loss during drying
The effect of the different process parameters on volatile
loss during air drying can be determined qualitatively by considering the transport of water and volatiles in a simplified
model. In this model system, it is assumed that all resistance
to mass transport in the drying specimen is concentrated in a
thin layer localised at the air-liquid interface. This layer
is considered as a membrane forming a harrier between the
drying liquid or semi-solid system and the drying air. Furthermore, the transport of water and volatiles through the membrane from the liquid to the air will be considered stationary.
The density p and the thickness 6 of the membrane are taken
constant. The drying system is shown schematically in Fig. (2-13).
In view of the fact that the volatile components have a high
relative volatility, the ássumption is made that the volatile
concentratien in the membrane at the air interface is zero.

gas
phase

liquid bulk

.. c

: a

0

---=-

0
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Fig. (2-J.3)
Diagrammat ia
representation of
water and volatile
traneport through
a membrane,

E[feat of sur[aae water aonaentration and bulk water aonaen~ration on water llum
From eq.(2-28) it follows that the water flux through the
membrane is given by
(2-43)
Integration of this equation between z=O and z=o yields

=i

r·b
cw,i

D

w

1-Cw /p

de

w

(2-44)

where Cw, i is the water concentratien in the membrane at the
air interface and c w, b is the water concentratien in the membrane at the liquid interface. Partial differentiation of eq.
(2-44) with respect to Cw, i at a constant value of c w, b yields
()Nw
acw ,i = -

Dw
~
o (1-Cw/P c

(2-45)
=C
w w,i
From eq.(2-45) it fellows that at constant value of c w, b' Nw
increases
with a decrease in Cw, i notwithstanding the fact that
.
a decrease in water concentratien results in a decrease in Dw.
In the same way it can be shown that at constant value of Cw,~.,
Nw increases with an increase in Cw, b" In actual drying processes a decrease in Cw, i can be obtained by an increase in mass
transfer coefficient in the gas phase, a decrease in the bulk
water concentratien of the gas phase, and an increase in temperature as will be shown in Chapter 3.
Elieet ot water [lum on the transport ot volatiles
From eqs.(2-16), (2-24), (2-28) and (2-39) it can be derived
for the flux Na of the volatile component that
(2-46)
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where Da' Dw' Daw and Ha are functions of the water concentration. Because in general Ha decreases with an increase in
water concentratien the factor

(2-47)

E

can be either negative or positive. It is àlso possible that
this factor changes in sign over the water concentratien range
through the membrane. Therefore, it is difficult to analyse
exactly the effect of the surface water concentratien on the
aroma flux. For a first evaluation we will discuss only the condition
that E can be considered as a constant through the membrane. Substitution of eqs. (2-43) and (2-47) in eq. (2-46) results in
N /N
w a
."..1--""'E.;;C-N:-::r.::::...,./:-::N- dC a
a w a

(2-48)

Integration of eq.(2-48) between z=O (C =C
, C =C
) and
w w,b
a a,b
z=o (Cw=Cw,~'
. c a =0) gives

fcw,b
ln(1-EC a, bNw/N a )

-E

I
JC

w,i

Dw
D (1-C fp) dCw
a
w

(2-49)

Substitution of eq.(2-44) in eq.(2-49) yields
EC

b

~

Da (

0

~~Cw/

J]

P) dCw

{2-50)
Three hordering cases will be discussed:
{I)

E =

0

It fellows from eq. {2-46) that the convective transport of the
volatile component is zero. For E + 0 eq.{2-50) becomes
Cw,b
ew,b
0
0
c
'
w
__.e..J!
dC
w
{2-51)
.
·
1-Cw/p
D {1-C /p)
0
C
.
a
w
c .

j

w/I

w,~

w,~

Because Dw/Da increases with decreasing water concentratien
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it can be derived by partial differentiation of eq. (2-51) with
respect to cw,~. at constant value of Cw, b that
(2-52)
From condition (2-52) it then follows that a decrease in the
water concentration at the air interface results in a decrease
in the aroma flux.
(II)

E > 0

This condition is satisfied if there is only a slight variation
of Ha with water concentration. For large positive values of
E eq. (2-50) becomes
EC

=~

o

!Cw,b

c

.

D
w
1-Cw/p

(2-53}

w,~

Partial differentiation of eq. (2-53} with respect to C
at
w, 1
constant value of Cw, b results in
(2-54)
Condition (2-54) means that the flux of aromas increases with
decreasing water concentration at the air interface. It has to
be noted that in actual transport processes of volatiles in
liquid foods generally the condition applies that Da << Daw
so that the value of E must be small. However, at small positive values of E the flux of volatiles decreases with decreasing water concentration at the air interface.
(III}

E < 0

This condition is satisfied if Ha strongly increases with decreasing
water concent~ation. For large negative values of E eq.(2-50) becornea
Na =-

EC~,b exp

[ E

dC (2-55)
w
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Partial differentlation of eq.{2-55) with respect to cw,i at
constant value of Cw,b yields condition (2-52) again. This
means that the aroma flux decreasas with decreasing water concentration at the air interface. It has to be remarked that in
actual transport processes of volatiles in liquid foods the
variatien of H with water concentratien is not very strong so
a
that the value of E must be smal!. At smal! negative values of
E the flux of volatiles decreases with decreasing interfacial
water concentratien according to eqs.(2-51) and (2-52).
From the foregoing it can now be concluded that generally the
flux of volatiles decreasas with decreasing water concentratien
at the evaporating interface. According to eq.(2-45) this means
that the flux of volatiles decreases with increasing water flux.
2.5.3 Transport of water and acetone through a celloehane
membrane
2.5.3.1 Introduetion
The simultaneous transport of water and of volatiles through
the thin diffusion harrier at the surface of a drying liquid
food can be simulated by the transport of water and volatiles
through a polymerie membrane. Diffusional transport through a
membrane is not fully comparable with diffusional transport in
a solution. In contrast to solutions, the molecules of a polymerie membrane are fixed·in a network of linear or branched
chains of atoms crosslinked at various locations. The polymer
molecules are, only to a limited degree, free to move by diffusion within a restricted volume about a central position,
while each molecule remains linked to ~ts neighbours. Notwithstanding this difference between the transport through a membrane and the transport in a solution, the use of a membrane
in fundamental studies concerning selective permeability during
drying is very adequate. The dimensions of the membrane are
exactly known. Transport of water and volatiles can easily be
studied in the stationary situation. Furthermore, transport of
water and volatiles can be either counter-current or co-current.
It is known from literature that membranes have often been used
for the separation of organic liquid mixtures and mixtures of
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water and organic compounds by selective permeation (50-53). In
almost all experiments mentioned in the literature the transport
properties in the membrane were influenced by the concentratien
of the permeants in the membrane. Separation of the liquid mixtures is ascribed to the different solubilities and/or diffusivities of the pérmeants in the membrane. As already mentioned,
these different diffusivities are also characteristic of the
transport processes at the surface of a drying aqueous carbohydrate system containing volatiles.
Membranes which are very suitable to simulate the diffusion
harrier at the surface of a drying aqueous carbohydrate solution
are membranes of cellulosic structure. The structure of cellulose
is chemically very similar to the structure of glucose and sucrose except for the molecular size. Diffusion of water in cellulose is, therefore, closely analogous to the diffusion of water in aqueous carbohydrate solutions. The membrane used in our
experiments is cellophane made from cellulose. Notwithstanding
the fact that transformation of cellulose in cellophane involves
a considerable chemica! and structural change, the structure of
glucose and sucrose is still present in cellophane.
In the experimental evaluation a diffusion cell was used which
consisted of two cylindrical chambers separated from each other
by a cellophane membrane. Through one of the chambers an air
strearn of constant relative humidity was led. The humidity of
the air in the other chamber was adjusted by means of an aqueous
LiCl solution. This salt se.) Jution contained also the volatile
trace component and served as the supplier of this component.
14
As volatile trace component radioactively labelled acetone (c ) was
used. By measuring the water and acetone losses of the salt solution in dependenee on time the transport rates of the water and
of the acetone through the membrane were determined. The interpretation of the experimental results requires knowledge of the
water concentratien dependenee of the pseudo~binary acetone diffusivity in the membrane. Thrs pseudo-binary diffusion coefficient was obtained by measuring the flux of acetone through the
membrane in tl:ie absence of a water fl'ux;
these experiments

In
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the relative humidity of the air at both sides of the membrane
was kept constant by means of an aqueous LiCl solution. For
the interpretation of the results of the permeation measure•
ments through the membrane it is als~ necessary to know the
water and acetone sorption isotherms of aqueous LiCl solution
and of cellophane. Because some of these sorption isotherms
were not available from the literature and so had to be determined experimentally, the reader is referred to Ap~endices
(2-4)- (2-5).
2.5.3.2 Transport of acetone through a cellophane membrane inthe
absence of a water transport
E:cperimentaZ

The diffusion cell used for measuring. the pseudo-binary acetone diffusivity (diffusion cell I) is depicted schematically
in Fig.(2-14). The diffusion cell consistedof two cylindrical

impeller

glass tray

.----- impeller
1====/==ïl
-- glass tray

'
chamber I

---~ cl:>~.:u.ber

II

---LiCl solution
cellophane membrane

Fig. (2-14) Sketch of diffu.sion aeU I.
chambers, both' constructed of brass. The depthof each chamber.
was 2.5 cm, the inner diameter 8.0 cm. The membrane was clamped
in between two brass rings. To obtain a leak-proof seal, a small
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amount of high vacuum grease was used at the contact surfaces
between the membrane and the metal rings. The membrane holder
was clasped between the two cylindrical chambers. To prevent
leakage in or out of the diffusion cell, the contact sur~aces
of membrane holder and cylindrical chambers were sealed with
"O"-rings. Each chamber contained a flat cylindrical glass
tray with a polished flat surface flange at the top. The height
of each tray was 2.3 cm, In the closed diffusion cell the polishad surfaces of the glass trays, provided with a small amount
of high vacuum grease, were pressed against the flat sides of
the membrane holder in order to ensure a tight closure. The
closed diffusion cell was allowed to rotate in a frame about
its axis with 20 r.p.m. Owing to the rotation, the liquid in the
glass trays was mixed thoroughly. To reduce mass transfer resistance in the gas phase, an impaller was installed in both chambers. The impeller was rotatabla about a red fixed in the direction of the mean axis of the diffusion cell and connected to
the membrane holder. During rotatien of the diffusion cell the
blades of the impaller remained fixed with respect to stationary
coordinates. The temperature of the diffusion cell was maintained
0
0
.
at 25 C ± 0.5 C by means of an air thermostat.
A diffusion experiment was started by filling the glass sample trays with 4 cm 3 of the same aqueous LiCl-solution. Thereupon the diffusion cell was closed and placed in the thermostat
in order that the membrane might accommodate itself to the RH of
the aqueous solution. After two hours the diffUsion cell was
opened and, by means of a syringe with needle,50 llZ of radioactively labelled acetone was injected into the liquid of the tray
in chamber I. Then the diffusion cell was closed again and replaced in the thermostat. At a set time interval, from both solutions in the diffusion cell samples were taken which were ánalysed for acetone content. A detailed description of this analysis is treated in Appendix (2-3) •
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Physiaal model of the t:roansport of aaetone in 'the diffu:sion aell

The passage of acetone from the salt salution in chamber I
through the cellophane membrane to the salt salution in chamber I I
involves several steps: evaparatien from salt salution in chamber
I, transport in the gas phase to the membrane, sorption at the
surface of the membrane, diffusion through the membrane to the
ether membra~e surface, evaporation, transport in the gas phase
and sorption by the salt salution in chamber I I . As has been
shown from diffusion experiments without a membrane the amount of
acetone present in the gas phase and absorbed by the membrane is
smal! compared with the total amount of acetone which diffuses
through the membrane during an experiment. This means that after
a short time interval transport of acetone through the membrane
can be considered quasi-stationary.
According to eq.(2-40) the mass flux of acetone Na through the
membrane in the absence of a water flux is given by the equation
Na

= Da (C a,c,l -C a,c,2 )/ê

(2-56)

where Da is the pseudo-binary acetone diffusivity in the membrane,
ca,c,l the acetone concentratien in the membrane at the cellophanegas interface in chamber I, Ca,c, the acetone concentratien in
2
the membrane at the cellophane gas interface in chamber II, and
ê the thickness of the membrane. As has been observed from diffusion experiments without a membrane, the gas phase between membrane and salt salution . offers only negligible resistance to
acetone transport. This means that Ca;c,l and ca,c, 2 are in equilibrium with the acetone concentratien of the salt salution in
chamber I and the salt salution in chamber II respectively. For
a detailed description of the calculation procedure of the value ·
of Da from the experimentally observed change in the acetone concentrations in the salt solutions after time t the reader is referred to Appendix (2-6).
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Reautta and discussion
Fig.(2-17) illustrates the water concentratien dependenee
of the pseudo-binary acetone diffusivity Da as was calculated
from the experimental results. From the figure it is clear that
Da strongly decreases with decreasing water concentration. This
corresponds very well to the concentratien dependenee of the
acetone diff~sivity in malto-dextrin as was observed by Menting (16).
2.5.3.3 Simultaneous trans2ort of water and acetone through a
cellophane membrane
E::cperimentaZ.
A detailed presentation of diffusion cell II used for studying the simultaneous transport of water and acetone through
cellophane membrane is shown in Fig.(2-15). The diffusion cell

l chamber II

impellers

---·~..______....,_,

air inlet ---...:..,,,...-----,

__ -

r---.,..--I

air outlet

I

impeller frame
chamber

I

impellers
LiCl solution
water jacket

stirrer with
magnetic rod
magnetic stirrer

Fig .• (2-15) Sketch of diffusion ceU II.
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consisted of two brass cylindrical chambers each provided with
a flange between which the membrane was fixed. The two flanges
were fastened tagether by way of clamping screws. A tight ciosure between mernbrane and flanges was effected by the u~e of a
small amount of high vacuum grease. The inner depth of charnber I
was 5.0 cm and of chamber I I 4.0 cm. The inner diameter of bath
charnbers was 5.5 cm. At the bottorn of chamber I a cylindrical
glass vessel was placed. An impeller was used to agitate
the·gas phase in charnber I. The impeller, placed in a frame
work, was equipped with a magnetic rod parallel to the membrane
surface and was driven by a magnetic rod fixed on the impaller
of chamber I I . The latter was driven electrically via a bar
through the top plate of charnber I. Because a continuous gas
stream flowed through chamber II, the small gas leakage via
this bar did not have any effect on the transport rates of water
and acetone through the membrane. The distance from the impeller blades to the mernbrane surface was in bath chambers about
0.1 cm. The rotation rate of the impellers was 300 r.p.m. The air
flow through chamber I I was controlled by a needle valve. The
inlet air was humidified by means of gas washing botties which
were ther~ostated at a temperature corresponding with the desired RH at 25°C. Owing to the relatively low gas flow rate the
air leaving the washing botties was saturated completely. Befora entering the diffusie~ cell the temperature of the air was
brought to 25°C. The pressure drop across the air conduct between the outlet of the gas washing botties and the inlet of the
diffusion cell was about 10 mm Hg. The entire diffusion cell
with the air inlet and air outlet conducts was placed in an air
thermostat which was maintained at a temperature of 25°C ± 0.5°C.
In order to get a more constant temperature in the diffusipn
cell itself, bath chambers of the diffusion cell were equipped
outside with a jacket through which water of a temperature of
25°C ± 0.05° was led.
A diffusioq run was started by filling the glass vessel in
chamber I with .10 cm 3 of a LiCl salution of a salt concentratien
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corresponding with the desired RH in chamber I. Thereupon the
closed diffusion cell was fed with an air stream of the desired
RH via chamber II. After accommodation of the membrane to the
•
RH 1 s of the gas phase at bath sides, the cell was refilled with
10 cm 3 of the LiCl salution to which now 50 ~1 radioactiva acetone
was added. The cell was closed and replaced in the thermostat.
At set time intervals the LiCl salution was weighed and analyzed
for acetone concentration.
For the interpretation of the measurements in terros of diffusivities it is necessary to know the mass transfer coefficients
in the gas phase at bath sides of the membrane. Ta measure the
total resistance to mass transfer in the gas phase the cellophane membrane was replaced by a thin highly porous nickle sheet.
From the water permeation experiments obtained with this sheet
the total mass transfer coefficient in the gas phase can 'be calculated. The partial mass transfer coefficient in the gas phase
in chamber II was obtained as follows. Chamber II was placed on
a flat roetal surface covered with a thin layer of 2 wt% salution
of agar agar in water. The roetal surface was kept at a constant
0
'
temperature of 25 C. From the experimentally observed drying rate
of the thin layer in the case in which chamber II was fed with a
gas flow of known conditions and the impeller in that chamber was
operating under the same conditions as in the diffusion experiments
with the membrane, the partial maas transfer coefficient in the
gas ph~se in chamber II can be calculated. The partial mass transfer coefficient in the gas phase in chamber I can be obtained
from the partial maas transfer coefficient in chamber II and the
total mass transfer coefficient.
PhysiaaZ modeZ of the transport of
diffusion aeZZ

~ater

and aaetone in the-

The passage of water and acetone in the diffusion cell involves
several sorption and transport steps. If the RH of the inlet air
of chamber II is below the equilibrium RH of the salt solution,in
chamber I, water will diffuse from chamber I through the membrane

tochamber II where it is carried off by the gas flow. If the
RH of the inlet air is higher than the equilibrium RH of the
salt solution, the reverse process occurs. Acetone will always
be transported from chamber I to chamber II. The amounts of
water and acetone present in the gas phase and in the membrane
are always small compared with those of water and acetone respectively which diffuse through the membrane. This justifies
the assumption that mass transport in the cell may be considered
as quasi-stationary.
Transport of

~ater

through the membrane

According to eq.(2-28) the quasi-stationary mass flux of
water Nw in the membrane is given by
(2-57)
where pc is the membrane density, Dw is water diffusivity in the
membrane, ~ is weight fraction of water in the membrane, and z
is the direction of transport. For small water concentratien differences in the membrane, p and D can be considered constant
c
w
across the membrane. Integration of eq.(2-57) then yields
D (C
-C
. )
w w,c,l w,c,2
o (1-x J

(2-58)

w

where Cw,c, is the water concentratien in the membrane at the
1
cellophane-gas interface in chamber I, Cw ,c,.
is the water con2
centration in the membrane at the cellophane-gas interface in
chamber II and Xw is the mean mass fraction of water of the membrane. The value of Dw depends on~· Eq.(2-58) can also be
used for relatively high water concentratien differences across
the membrane. However, in that çase Dw varies not only with the
mean water concentratien but also with the water concentratien
difference across the membrane. For small changes in the values
of Cw,c,l , cw,c,2 and Xw the diffusivity Dw can be taken con-

.
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stant during the diffusion experiment • In the stationary
situation the total flux of water through the membrane is equal
to the change in water concentratien of the salt solution per
unit time. For a detailed description of the calculation procedure of Dw from the observed change in water content of the
salt solution after time t, the reader is referred to Appendix
(2-7).

Transport of acetone through the membrane
According to eq. (2-39) the mass flux of acetone in the membrane Na is given by
(2-59)
where Daw is the ternary acetone water diffusivity in the membrane and H is the proportionality factor which is defined by
a
eq.(2-36). Because the fluxes of water and acetone through the
membrane are quasi-stationary, integration of eq. (2-59) across
the membrane thickness yields
Da

= -(C

o

a,c,l -Ca,c,2 )+Nw

öa

-

o

{1-c

oc

I

0

/p c >

w

Dw

where Da is the mean peuso-binary acetone diffusivity in the
membrane which is defined as

Da

=

YI: ~:

(2-61)

Da is independent of the direction of the water flux and varies
only with the water concentrations in the membrane at the membrane
gas interfaces. From eq.(2-60) it follows that the acetone flux
through the membrane not only . depends on the values of öa , c a,c,l
and C a,c,2 but also on the direction of the water flux.
For the interpretation of the diffusion experiments the flux
of acetone through the membrane is now defined as
N

a

= .5eff(c
-c
)/o
a
a,c,l a,c,2

(2-62)
1
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where o:ff is the effective acetone diffusivity. From eqs.(2-60)
varies not only
with the water
and (2-62) it follows that 5eff
a
.
concentratien in the membrane at the membrane gas interfaces
but depends also on the direction of the water flux. The "effect
of the water flux on the transport of acetone through the cel-eff 's, found
lophane membrane can be determined camparing the D
a
for positive values of N with the 5eff,s found for negative
w
a-eff
values of Nw. For the calculation of Da
from the observed decrease in acetone concentratien of the salt salution in chamber I
the reader is again referred to Appendix (2-7).
ResuZts and discussion
The resultsof the experiments have been summarized in Appendix
(2-8). Fig.(2-16) illustrates the effect of the mean water concentratien in the membrane on the water diffusivity as calculated
from ~q.(2-58). For water concentratien below 20 wt% the figure
l0- 6 c---------------------_,
. 2
Fig.(2-16) Effect of mean water
D (cm /s)
concentration in ceZZophane membrane
w
on water diffusivity.
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shows an increase in water diffusivity with increasing'water
concentration. Above water concentrations of 20 wt% the diffusivity
seems to be constant. The relatively high spread in the calculated
values of the diffusivities can be ascribed to several error sources.
As can be observed from the water sorption isotherm of cello:54

phane at high relative humidities, a small variatien in relative
humidity causes a relatively great change in water concentration.
Therefore at high relative humidities the relationship between
relative humidity and water concentratien is difficult tq datermine accurately. For low relative humidities the difference in
water concentratien across the membrane is smal!. Other factors
which influence the spread in the diffusivities are the errors
in the determination of mass transfer coefficients in the gas
phase and the error in the determination of the temperature at
which the air flow to chamber II is saturated with water vapeur.
Notwithstanding these inaccuracies it was possible to determine
the mean water fluxes through the membranes with an inaccuracy
of less than 3%.
Fig. (2-17) shows the effective acetone diffusivity in relation to the mean water concentratien for co-current and countercurrent flow of water and acetone through the membrane. The
10- 6
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l
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Fig.(2-17) Effeat of mean water aonaentration in cellophane membrane

on effective a1etone diffusivity. The length of the horizontal lines
through the po-z.nte corresponds with the water aonaentration differenae
over the membrane.
·
water and aaetone fZuz counter-current
, water and acetone fluz co-current
, water flux is zero (points obtained from ezperiments with
diffusion ce ZZ I) .• (D:ff = Da).
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length of the horizontal linea through the points indicate the
water concentratien difference across the membrane. It should
be noted that the value of the effective diffusivity as calculated from eq.(2-62) is rather insensitive to errors in relative humidities at both sides of the membrane. This explains
the low spread. Fig.(2-l7) clearly illustrates the streng increase in effective acetone diffusivity with increase in water
concentration. It may be concluded from the figure that for the
same mean water concentratien there is no significant influence
of the direction of the water flux on the flux of acetone. This
means that the direct effect of the water flux on the transport
of acetone seems to be negligible. This is also clear from
Fig. (2-18) where both the effect of the mean water concentratien
in the membrane and that of the water flux on the effective ace10- 6

~
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)
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Fig. (2-18) Effect of mean ûJater concentratien in oel.tophane membrane
on effective acetone diffuaivity. The length of the horizontal lin~s
through the points is propor~ional to the mean ûJater flu~ NûJ(=g/om s).
ûJater and acetone flux counter-current
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0.3

a

Da).

tone diffusivities are shown. The data in the figure are from
the sameexperimentsas those in Fig.(2-17). From Fig.(2-18) no
significant influence of the direction of the water flux on the
flux of acetone can be observed either.
2.6 General conclusions
(a) The diffusional transport'of water and volatiles during drying

liquid foods containing volatile aromas can be described with
a binary diffusion equation if the transport of water and
dissolved solids is concerned, and with a ternary diffusion
equation in the case of the transport of volatiles.
(bl For aqueous carbohydrate solutions containing volatile aromas
both the binary diffusivity of the water dissolved solids
system and the pseudo-binary aroma diffusivity strongly decrease with decreasing water concentratien at low water concentration.
(c)

For aqueous carbohydrate solutions containing volatile aromas
the ratio of the pseudo-binary aroma diffusivity and the
water diffusivity decreases with decreasing water concentratien
at low water concentration.

(d) For aqueous carbohydrate solutions containing volatile aromas
both the activatien en~rgy of the water diffusivity and of the
aroma diffusivity increase with decreasing water concentration.
(e)

The pseudo-binary diffusivities of n-alcohols in frozen aqueous
malto-dextrin solutions strongly decrease with decreasing temperature.

(f)

The pseudo-binary diffusivities of n-alcohols in frozen aqueous
carbohydrate systems decrease with increasing molecular weight
of the alcohol component.

(g)

It can be derived theoretically that an increase in.water flux
at the evaporating surface of an aqueous carbohydrate system
containing volatile aromas pan cause an increase in volatile
loss as wel! as a decreas~ in volatile loss. However, it is most
likely that in actual air drying systems an increase in water
flux at constant temperature results in a decrease in volatile
loss.
57

(h) The pseudo-binary diffusion coefficient of acetone in a

cellophane membrane decreases with decreasing water concentration.
(i} There is only a negligible effect of the direction pf•the

water flux on the acetone flux during simultaneous transport
of water and acetone through a cellophane membrane.
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CHAPTER 3
VOLATILE RETENTION IN DRYING SLABS

3.1 Introduetion
Slab drying

In technica! drying processes it is rather complicated to
investigate the separate effects of the process variables on the
drying rate and the loss of volatiles, because generally these
process variables will change continuously during the drying process. For obtaining more insight into the mechanism of water and
volatile transport and into the effect of process variables on
the loss of water and volatiles during drying, it is necessary
to study the drying rate and volatile loss under conditions which
are exactly known and which can he fixed at a constant or nearly
constant value. A suitable technique which can fulfil this condition is the drying of thin slabs.
PhysiaaZ desaription

of

the air drving proaess o[ a slab

A diagramrnatic representation of a slab dried at one side by
air is shown in Fig.(3-l). Transport of water intheslab in the
impermeable
wall
Fig.(J-1) Diagrammatia representation
of a slab dried at one side by air.
water

concentration
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direction of the evaporating surface is caused by the negative
water concentration gradient in the direction of this surface.
For slabs composed of relatively low viscous materials it can be
expected that the transport mechanism consists partially of molecular diffusion and partially of internal convection streams, the
latter being induced in the slab by the air flow. The water flux,
Fw' at the surface relativa to the retreating gas-liquid interface is given by
Fw

= k (Cw ,J. -cw
1

•

1

)

(3-1)

where k is the mass transfer coefficient in the gas phase, C'w ,J..
the water concentration in the gas phase at the gas liquid interface, and C~ the water concentr.ation in the bulk of the gas phase.
c~,i is in equilibrium with cw,i' the water concentration in the
slab at the interface. The variation of c•w, 1 with Cw, i at constant
temperature is given by the sorption isotherm~ Typical sorption
isotherms of aqueous malto-dextrin solutions are illustrated in
Fig.(2-3) (Chapter 2). In this figure the water activity aw' which
is equal to the ratio of C~ i and the saturated water concentration
S
I
in the gas phase c~ . at the prevailing temperature, is shown in
relation to the water fraction ~· From the figure it follows that
forhigh water concentrat:~;ons the decreasein water activity aw
with decreasing interfacial water concentration is only slight.
This means that for interfacial water concentration in the slab
above about 30 wt% the drying rate is almost equal to its maximum
value corresponding with aw = 1. As th~ process of drying is progressing the interfacial water concentration .in the drying slab
will decrease. The rate at which this occurs depends on the drying
rate and the reaiatanee to mass transport in the drying slab. For
constant drying rates the decrease
in c w,J.. is the stronger the
.
higher the resistance to mass transfer in the drying slab. As already mentioned in Chapter 2, aqueous carbohydrate solutions show
a strong decrease in water diffusivity with decrease in water concentration (1~16). The consequence of this behaviour is that in
drying slabs, in which transport of water is governed by molecular
diffusion only, steep concentration gradients are developed in the
drying phase near the interface.
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VoZatiZe vetention in eZab drying
Thijssen (20) and Thijssen and Paardekoper (58) were the first
to investigate quantitatively the effect of a dry skin at the
evaporating surface on the loss of volatiles during drying of
fruit juices. The dry skin was fixed as a thin film in a very
fine metal gauze of fibreus material. It was observed that below
a "critica!" water concentration at the drying surface of the
fruit juice it was virtually impossible for aromas to diffuse
through this dry film whereas water could still readily diffuse.
A first theoretica! analysis of the effect of process variables
on drying rate and volatile loss during air drying of slabs was
presented by Thijssen and Rulkens (1). From this theoretica! ana'
lysis, which was based on the selective diffusivity concept,
predictions can be made which process and system conditions are favourable for obtaining maximum volatile retention. It was furthe~
derived that, if mass transport occurs by molecular diffusion only,
loss of volatiles is independent of the relative volatility.
Saravacos and Moyer (15) investigated the effect of drying temperature and initial dissolved solids concentration on the aroma
retentien during vacuum drying of thin slabs of aqueous peetinglucose solutions to which acetic acid, ethyl acetate, ethyl butyrate and methyl anthranelate had been added as model volatile components. The pressure at which the drying experiments were performed
was varied between 10 and 100 mm Hg. The temperature in the advancing stage of the drying process was equal to the boiling point of
water at the prevalling pressure. It wa~ observed that the higher
the initia! dissolved solids concentration the higher the volatile
retention after drying. Loss of aromas during the early stages of
the drying process was faster than during later stages. During the
initia! stages of the drying process loss of volatiles was mainly
determined by the relative volatility of the volatiles. An increase
in pressure from 10 to 100 mm Hg, which was coupled to an increase
in temperature, resulted in a 9ecrease in volatile retention of the
dried product. The effect of the relative volatility on the loss
of volatiles seems to be opposite to the conclusions of Thijssen
and Rulkens (1). However, in analysing the expertmental results of
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saravacos and Moyer it must be noted that in the early stages
of their drying experiments puffing of the slab résulting in some
mixing was observed. As already mentioned in· Chapter 1 loss of
volatiles in the case of mixing in the drying specimen
i$ not on.
'
ly determined by the diffusivities but also by the relative volatility of' the aroma components. After puffing, a thin membrane
of dissolved solids is formed at the evaporating surfaces. This
membrane, which is permeable to water, prevents further loss of
volatiles. Saravacos and Moyer ascribed the increased loss of
aroma components at higher temperatures to the higher permeabilities of the membrane and the higher driving forces for aroma transport.
Important investigations on the effect of process variables on
drying rate and volatile loss during air drying of slabs have
been carried out by Menting (16) and Menting et al. (18}. The
drying experiments with aqueous malto-dextrin solution to which
a small amount of acetone was added as a model volatile component·
were performed in such a way that transport in the drying slab
occurred only by molecular diffusion, while the temperature of the
slab remained constant. The experimental results fully confirm the
selective diffusivity theory. Loss of volatiles from the drying
slab occurs only during the so-called constant drying rate period,
when the surface water concentratien of the slab is relatively
high. The retentien of acetone of the dried slab increases with
increasing initia! dissolved solids concentratien and decreasas
with increasing relative humidity of the drying air. Numerical
calculations of the water and aroma loss from the drying slab by
means of a simplified binary diffusion model, in which the experimentally observed relationships between water concentratien and
diffusivities have been used, were in good agreement with the experimental observed drying rate and volatile loss. This was ·also
confirmed by Rulkeps and Thijssen (21), who used a more extended
diffusion model for the transport process of volatiles. It was
shown theoretically by Menting (16) that at ambient temperatures
the loss of volat;.iles from drying slabs is not influenced by the
relative volatilities as long as these are higher than 5. conditions were derived for obtaining maximum retention.
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More insight into the transport mechanism of volatiles during
air drying of slabs has been presented·by Chandrasekaran and King
(19~36~69). These authors measured drying curves and aroma ratention
curves of gelled sugar solutions. They clearly showed that their
experimental rèsults can be described mathematically by a binary
diffusion equation for water and a ternary diffusion equation for
the volatiles. In the diffusion equations for the volatiles the
effect of the varlation of the actlvity coefficient of the volatile
component with water concentration is fully incorporated.

Objective of this study
From the foregoing it follows that the effect of the most dominant process variables on the volatile loss during drying thin slabs
can be predicted, at least in those cases where transport of aromas
occurs by molecular diffusion only. However, little is known about
the effect of circulation streams in the drying slab induced by th~
drying air, and the effect of. composition of the dissolved solids
and the nature of the volatile component on the volatile retention.
This also applies to the effect of the temperature on the volatile
retention. The purpose of this chapter is to give additional insight
into the effect of the factors mentioned. Section 3·2 gives the experimentally observed effect of some process variables during air ·
drying slabs of aqueous carbohydrate solutions to which volatile
trace components have been added. The case that transport in the
drying slab is influenced by circulation streams as well as the case
that these circulation streams are fully suppressed by adding a smal!
amount of agar-agar to the solution will be studied. Explanation of
the results will be given by means of a simplified model in which
the varlation of the surface water concentràtion of the drying slab
and the effect of the water concentration on the selective diffusivity are considered. In section 3·3 the exact diffusion equations
for water and volatile transport in the slab wil! be given. The method of numerical solution of these diffusion equations as derived by
Kerkhof et al. '(tJO) is treated concisely. Some theoretically calculated effects of process variables on drying rate and volatile loss
during drying slabs will be presented. These calculations will be
performed with assumed water concentration dependences of the diffu-
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coefficients and activity coefficient which are representative of these of liquid foods. The results of the calculations
will be compared with the experimental results.
~ion

3.2 Experimental
3.2.1 Sample preparatien

The solids used for the drying experiments were malto-dextrin
(MD20 and MD20 11 ), maltose, and glucose. The composition of the
1
dissolved solids was varied by changing the ratio of the maltodextrin and maltose or glucose content. Methanol, n-propanol and
n-pentanol were used as model volatile components. Aqueous solutions were obtained by dissolving the desired amount of the carbohydrates in warm water. For preparing gelled slabs, agar-agar
was added to the salution in an amount of 1/2 wt% on total
basis. Samples of 3.0 cm 3 were taken from the warm salution and
injected in cylindrical aluminium sample holders. To absorb alcohols, the samples were placed, after cooling, in a dish tagether
with a filter-paper, impregnated with a mixture of the n-alcohols.
The dish was closed hermetically by a cover and thermostated during 24 hrs at 25°C. As can easily be shown by calculation, phase
equilibrium was obtained after this period. The concentratien
of each volatile component in the slab after phase equilibrium
was in almast all experiments about 1.5 wt% on dry basis.
3.2.2 Drying apparatus and procedure

The drying experiments were performed with an apparatus consisting of a stainless steel cylinder witq a height of 7.8 cm and an
internal diameter of 15 .o· cm, see Fig. (3-2). At the top the cylinder
thermocouple
drying air
outlet------'
heat insulating dis

electrical
heating coil

l r .

r-~~~~~~~+-

drying air
in let

capper bot·;t~o~==~~liiiii--~~~~~~ii~~~~~===tl
plate :..::
thermostated
water (outlet)
sample
thermostated water
(inlet)
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Fig.• (3-2) Diag:r>ammatic :r>ep:r>esentation of d:r>ying appa:r>atus.

was closed by a heat insulating plate of a synthetic material.
At the bottorn it was closed by a thermostated copper plate. Inside
the cylinder the bottorn plate was covered by a 1.20 cm thick disc
of a heat insulating plate. In it four cylindrical holes of 4.00 cm
in diameter were drilled symmetrically to the centre to a depth of
0.90 cm. In the holes the al~nium sample holders with a height of
0.90 cm, an internal diameter of 3.90 cm, a bottorn thickness of
0.72 cm and a wall thickness of 0.05 cm were placed. One of the
sample bolders was provided with a hole in the bottom, parallel
to the flat bottorn surface. By means of a thermo-couple, which
could be inserted in this hole, the temperature of the bottorn
of the sample holder was measured during the drying process.
A continuous air stream was led through the drying chamber at a
rate of 1200 cm 3;s. The inlet air could be humidified by means
of gas-washing botties which were thermostated at a temperature
corresponding with the desired relative humidity RH at the temperature in the drying chamber. The air stream to the drying
chamber was heated by means of an electrical heating coil placed
in the air inlet channel. In the drying chamber the air was thoroughly mixed by means of an impeller driven electrically via a
rod through the top plate of the chamber. The distance between
the impeller blades and copper bottorn plate was 2.5 cm. The rotation rate of the impeller was 240 r.p.m. OWing to the eccentric
position of the drying samples in the chamber, flow conditions
in each point at the gas-liquid interface of a drying sample
were almost identical. This means that the mass transfer coefficient in the gas phase also had almost the same value at each
point of the evaporating surface. Because all samples were placed
symmetrically in the drying chamber, the samples dried identically.
During the drying experiments the temperature of the copper
bottorn of the drying chamber was kept constant. The temperature
of the drying air was controlled in such a way that the temperature
of the bottorn of the aluminium sample holder, containing the thermo-couple, was kept equal to the temperature of the copper bottom.
Assuming there is only negligible heat transfer from the sample
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holder to the capper bottam via the heat insulating.plate, this
means that also the surface temperature of the drying sample was
constant and equal to the temperature of the capper bottom.
The drying experiments were started by accomodating.the drying
apparatus to the drying conditions. Thereupon the cylindrical holes
in the heat insulating bottam plate were filled with aluminium
sample bolders containing the samples to be dried. At set time
intervals the drier was opened and one of the samples, nat containing the temperature cantrolling thermo-couple, was removed and
analyzed for water and volatile loss. After the last sample holder
was removed the heat insulating plate was filled with four new
samples and the whole drying process was repeated for other drying
time intervals. In this way the drying curves and the volatile
ratention-time curves were obtained.
It has to be noted that in the drying experiments with nongelled slabs a somewhat different drying procedure was used. In
these experiments the aluminium sample holders, each filled with
2.6 cm 3 salution corresponding with an initial slab thickness of
0.24 cm, were placed directly on the thermostated capper bottam
plate. During the drying experiments with the non-gelled s~abs the
temperature of the air in the drying chamber was kept equal to the
(constant) temperature of the capper bottam plate of the drier.
The consequence is that, as is shown in detail in Appendix (3-1),
the surface temperature of the slab was nat constant during the
drying process but increased with increasing drying time until the
drying rate had become zero and the temperature at the surface of
the slab had become equal to the temperature of the drying air.
3.2.3 Analytica! methods
A dried sample was placed, tagether with the sample holder, in
a stopcock battle, filled with 20 cm 3 distilled water of Ïs 0 c.
From the increase in weight of the stopcock battle and the weight
of the sample holder the weight of the dried sample could be found.
After dissolving the dried slab in the distilled water, 15 cm 3 of
the obtained ~olution were taken for analyzing the voiatile con-
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centration. For a detailed description of this procedure the
reader is referred to Appendix (2-1).
3.2.4 Results and discussion
The experimental results concerning the simultaneous determination of water and volatile loss from drying slabs have been
summarized in Appendix (3-2).
3.2.4•1 Effect of initial ·dissolved solids concentratien on
drying rate and volatile retentien
E~periments

with non-gelled slabs

In Fig.(3-3) and Fig.(J-4) the drying curves of a non-gelled
slab of an aqueous malto-dextrin (MD20I) salution are shown for
drying temperatures of 30°C and 60°C respectively. Parameter in
these figures is the initial dissolved solids concentration. From
the figures it is clear that at constant temperature the drying
rates are at first constant and independent of the initial dry
matter .content. The period of constant drying rate decreases with
increasing initial dissolved solids content. This is also clearly
illustrated in Fig. (3-5), where the fractional water ioss is
given in dependenee on time. The data in this figure are from the
sameexperimentsas those in Fig.(J-4). The decreasein con!i3tant
rate period with increasing initial dry matter content can be exFiq.(3-5) Fractional
water lose of a nongelled slab of aqueous
malto-de~trin (MD20I)
solution at sooc.
RH drying air is 0%.
The initial dissolved
solide concentration (wt%)
ie taken as parameter.
Curves have been derived
from Fig.(J-4).
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Fig.(3-3) DPying cuPvee of a non-gelled slab of aqueous

malto-dextPin (MD20T) salution at 30°C. RH dPying aiP ie 0%.
The initial diséolv~d solide concentPation (wt%) is ~aken
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Fig.(3-4) DPying cuPvee of a non-gelled slab of aqueous maltodeztPin (MD20I) salution at 60°C. RH drying aiP is 0%. The
initial disso~ved solide concentration (wt%) is taken as
paPamet er.
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plained from the fact that the water concentratien in the slab
at the gas-liquid interface, below which the equilibrium water
concentratien in the gas phase deviates appreciably from the
saturateq water concentration, is attained more rapidly for lower
initial water concentrations and higher viscosities.
The maas transfer coefficient in the gas phase, k, which can
be calculated from the drying rate during the constant rate period
(Appendix (3-l)),is 2.7 cmjs. With this value the drying rate and
the surface temperature of the drying non-gelled slabs can be calculated in dependenee on the equilibrium relativa humidity RH at
the surface (Appendix (3-1)). The results of these calculations
are seen in Fig.(3-6), which shows a remarkable difference between
surface temperature and bottorn temperature of the drying (non-gelled)
slab especially at high values of the equilibrium relativa humidity
(or water activity) •
20r----~~~~~------------.6o
Fig.(3-6) Calaulated eurfaae
60°C
temperature and drying rate F
{l0-5g/cm2s)
of a non-gelled slab in depen~enae
52
on the equilibrium relative humi16
.dity at the drying surface. The
bottorn temperature is taken as
temperature
parameter,
the surface
12
(oC)
36
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equilibrium relativa humidity (%)
Fig.(3-7) and Fig.(3-8) show the retentien of n-alcohols in
dependenee on time during drying non-gelled slabs of aqueous malto-dextrin (MD20 1 ) solutions at 30°C and 60°C respectively. Parameter in these figures is the initial dry matter content. The
figures clearly show that the loss of volatiles strongly decreasas
with the progress of drying, and for not too high initial water
concentrations it eventually beoomes zero. The aroma retentien
after complete drying strongly increases with increasing initial
0
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tration (~t%) is taken as parameter. The data in the figure are
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dissolved solids content as shown in Fig. (3-9). This result is
fully in accordance with the result,s observed by Menting (18).
100
AR (%)
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1

60
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n-propanol
n-pentanol

. 40

Fig.(3-9) Alcohol
retained by ~ dried nongelled slab of aqueous
malto-de~trin (MD20 )
eolution in depende~ce on
the initial dieeoZved
solide concentration.
The drying temperature is
taken as parameter.
Curves have been derived
from Fig.(3-7)~ and Fig.
(3-8).
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Comparison of Fig.(3-3) and Fig.(3-4) with Fig. (3-7) and Fig. (3-8)
leads to the conclusion that in good approximation the time at which
the constant rate period ends coincides with the time at which the
volatile ratention beoomes constant. The same effect is also observed
in drying aqueous malto-dextrin MD20II solutions. During the initia!
stage of the drying process the relative loss of volatiles is higher
than the relative loss of water owing to the high relative volatility
of the aroma components. As the drying process is progressing, the
increase in the dissolved solids concentratien at the surface of the
slab causes suppressing of internal circulation streams as well as a
lowering of the diffusivities. Owing to the strong decrease in the
ratio of volatile diffusivity and water diffusivity with dec~easing
water concentration, the relative water loss during the later stages
is higher than the volatile loss.
From the experimentally observed drying rate and volatile retentientime curves and,the calculated relationship between surface water
concentratien (or water activity) and drying rate the critica! surface water concentratien (and corresponding critica! water activity)
below which no further loss of volatiles occurs, can be calculated.
0

Fig.(3-10) shows this critica! water activity and critica! water
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Fig. (3-10) Effect of initial
dissolved sotids concentration
on criticat ~ater activity (or
criticat equilibrium retative
humidity RH) and criticat water
concentration at the surface of
the drying slab. Drying temperature is 30°C. RH of the drying
air is 0%. Curves have been
derived from Fig.(3-3)~ Fig. (3-7)
and eq.(A-&).
(Appendi:x: (3-1)).

D • • • methanol;
0 • e ~ n-propanot;
6. • A , n-pentanot.

initia! dissolved solids
concentratien (wt%)
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38.0

47.5
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concentratien in relation to the initia! dissolved solids concentratien for a drying temperature of 30°C. The figure illustrates
that the critica! water activity and critica! water concentratien
are not affected by the initial dissolved solids concentration.
It is clear from the figure that there is a slight increase in
critica! wàter activity and critica! water concentratien with increasing molecular weight of the alcohols. Comparison of the results of the drying experiments at 30°C with those at 60°c leads
to the conclusion that the critical water activity depends only
slightly on temperature. However, it has to be noted that an accurate determination of the effect of temperature on critica! water
activity is impossible, owing to the rèlatively large spread in
the results of the measurements.
E:x:periments with gelled sLabs
Fig.(3-11) shows the drying curves of a gelled slab of an aqueous
malto-dextrin (MD20I) solution. The drying temperature is 30°C. Parameter is the initial dissolyed solids concentration. The fractional
water loss-time curves which can be derived from Fig.(3-11) are
shown in Fig. (3-12). The gas phase mass transfer coefficient in this
set of experiments is 3.0 cm/s. It is clear from the figures that
the effect of the process variables on the drying rate is almost
analogous to the effect observed in drying non-gelled slabs.
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Fig. {3-12) Fractionat water toss of a
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Fig.(3-13) shows the retentien of n-alcohols in relation to
time during drying gelled slabs of aqueous malto-dextrin salution
at 30°C. Parameter is the initia! dissolved solids content. Similar
to the results observed in drying experiments with non-gelled slabs
the retentien after drying increases with increasing initia! dissolved solids concentratien as ~s also shown in Fig.{3-14). In gene~al the rate of loss of volatiles in the beginning period of the
drying process is the strenger the lower the initia! dissolved solids concentration. This is also clearly shown in Fig.(3-15) where
the aroma retentien is given against the water retention. Apparently
the increase in.relative volatility with increasing dissolved solids
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concentratien {Chapter 2) has no significant e.ffect on: volatile
loss. The critica! equilibrium RH, below which the surface of the
drying slab becomes impermeable to volatile components is independent of the initia! dissolved solids concentration.
From the alcohol retentien-time curves obtained for gelled slabs
with an initia! dissolved solids (carbohydrates) concentratien
equal to zero, it is possible to calculate the diffusivities of
the alcohol components at infinite dilution in water. Good agreement has been observed between these calculated values and those
mentioned in literature (57).
3.2.4.2 Effect of internal circulation streams on drying rate and
volatile retentien
Comparison of the results of the drying experiments with nongelled slabs of aqueous malto-dextrin MD20 1 solutions with those
of non-gelled slabs of aqueous malto-dextrin MD20 11 solutions
l.eads to the concl.usion that at constant initia! dissolved soltids
concentratien the aqueous malto-dextrin ~20 11 solutions show a
l.onger constant rate period and a higher mean drying rate than the
aqueous malto-dextrin MD20 1 solutions. From the aroma retentientime curves it fellows that at the same initia! dissolved solids
concentratien the loss of volatiles from the aqueous malto-dextri~
MD20 solutions is notably less than the loss of volatiles from
1
the aqueous malto-dextrin MD20 11 solutions. Because both maltodextrins have almost the same mean molecular weight, it can be
expected that the water and volatile diffusivities in both maltodextrin solutions do not differ widely either. This means that the
strong difference in drying rate and volatile retentien can not
be ascribed to a strong difference in diffusion coefficients. As
already mentioned, the viscosity of the aqueous MD20 1 soluti?n is
appreciably higher than the viscosity of the aqueous MD20 11 solution. Therefore the effect of internal circulation streams on
water and volatile transport is much less for malto-dextrin MD20 1
solutions than ~or the mal.to-dextrin MD2o 11 solutions. This explains the higher· drying rate and lower volatile retentien of the
aqueous malto-dextrin MD20 11 solution.
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Under the same drying conditions complete suppression of the
internal circulation streams results in a strong decrease in the
constant drying rate period and in a decrease in the volatile loss.
This is shown by oomparing the final volatile retentions after drying
of the non-gelled slabs (see Fig.(3-9)) with those of the gelled
slabs (see Fig.(3-14)). The higher retentien observed in the latter
experiments can not be ascribed fully to the higher mass transfer
coefficient in the gas phase k but have to be explained from the
total absence of internal circulation streams in the gelled solution.
3.2.4.3 Effect of temperature of the slab on drying rate and volatile
re tention
Experiments with non-geZZed sZabs

Cernparisen of Fig.(3-3) with Fig.(3-4) leads to the conclusion
that at a constant initia! dry matter content an increase in bottorn
temperature of the drying slabs results in a higher initia! drying
rate as well as in a decrease in the constant rate period. At higher
temperatures the viscosity of the solution is lower, which facilitates
mass transfer in the slab by means of convective flow. Together with
the increase in diffusivity with increasing temperature this factor
tends to increase the period of constant drying rate. However, from
the experiments it is clear that this effect is more than compensated
by the higher evaporation rate of water at higher temperatures and
the consequently strenger tendency to decrease the surface water concentration.
As can be seen from Fig. (3-9) an increase in the drying temperature
results in an increase in the retention. Apparently the effect of a
decrease in the constant rate period with increasing temperature dominates the effect of an increase in aroma diffusivity, and a decrease
in selective diffusivity on volatile retention.
Experiments with geZZed sZabs

The strong increase in initia! drying rate and the decrease in
constant rate period with increasing temperature is also observed in
the drying experiments with gelled slabs. The effect of temperature
on the alcohol retentien after drying gelled slabs is shown in Fig.
(3-16). The initia! dissolved solids concentratien is 10 wt%. The
favourable effect of a higher temperature on the retentien of vela76
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tiles can be generally explained from the fact that in the investigated temperature range the activatien energy of the equilibrium water vapour pressure at the evaporating interface is significantly higher than the activatien energy of the diffusivities.
The effect of drying temperature and nature of the volatile component
on the critical equilibrium RH (or critica! water activity) of gelled
slabsis shown in Table (3-1).
Table (3-1) Critiaal equilibrium RH (%) at the drying surface in
dependenee on the drying temperature
T

(OC)

15
30
45

methanol
85
67
60

n-propanol
88
76
55

n-pentanol
85
75
65

The table shows a significant decrease in the critical equilibrium
RH (or critica! water activity) with increasing temperature.
3.2.4.4 Effect of composition of the dissolved solids on drying
rate and volatile retention
Lowering of the mean molecÛlar weight of the dissolved solids
results in an increase in constant rate period and in an increase
in mean drying rate. This is clearly shown in Fig.(3-17) where
for a constant initia! dissolved solids concentratien of 47.5 wt%
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the fractional water loss of a non-gelled slab is given as a
function of time with the weight percentage glucose of the glucose
malto-dextrin (MD20 ) mixture as parameter. The increase in mean
1
drying rate with increasing glucose content is partially th~ result
of the decrease in viscosity and partially that of the increase in
diffusivity. It should be noted that partial substitution of pure
maltose instead of glucose for the malto-dextrin results in an only
slight increase in mean drying rate notwithstanding the fact that
the molecular weight of the maltose is small compared with the mean
molecular weight of the malto-dextrin.
The influence of the composition of the dissolved solids on the
retentien after drying is illustrated in Fig.(3-18). It is clear
Fig. (3-18} AtcohoZ retained by a

60

dri~d non-gelled slab of aqueous
malto-dextrin (MD20I) - glucose
solution at 30°C in dependenee on
the weight percentage glucose of
the dissoZved soZids. InitiaZ
dissolved solids concentration is
47.5 wt%. RH dryingairis ~%.
Data in the figure are from the
same experiments as those in
Fig. ( 3 -7 7) .
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that for a high glucose content the retention strongly decreases
with increase in glucose percentage. For a glucose percentage
above '67 wt% on dry basis the retention even tends to approach
zero. This notwithstanding the fact that the total initial dissolved solids concentration is relatively high. It is ob~ious
that in general a lowering of the mean molecular weight of the
dissolved solids is related to a decrease in the selectivity.
However, substitution of maltose for malto-dextrin at constantinitial
dissolved solids content causes only a slight decrease in volatile
retention.
3.2.4.5 Effect of relative humidity of the drying air on drying
rate andvolatile retention of non-gelled slabs
An increase in relative humidity RH of the drying air decreases
the driving force for water transfer and consequently results in
a lower mean drying rate and a langer constant rate period. It is
clear that in drying non-gelled slabs, with increasing RH the difference between bottorn and surface temperature of the drying slab
decreases. The effect of the RH on the retention of alcohols after
drying is shown in Fig.(3-19).From the figure it follows that
Ioo.-------------------------~
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Fig. (3-19) Alcohol retained by a
dried non-gelled slab of aqueous
malto-dextrin (MD20I) solution in
dependenee on the RH of the drying
air. Initial dissolved solide
concentration is JB.O wt%. Drying
temperature is 60°C.
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the retention decreases with increasing RH. This is fully in
accordance with the fact that with increasing RH the constant
drying rate period, and therefore the period during which aromas
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are lost, increases.
3.2.4.6 Effect of the initia! volatile concentratien and the
nature of the volatile component on volatile ratention
At initia! volatile concentrations between 0.5 and 1.5 wt% of
each volatile component on a dry basis, the relative lossof
volatiles is independent of the initia! volatile concentration.
From all experiments it is observed that the volatile loss
during drying decreasas in the range methanol, n-propanol and
n-pentanol. Therefore it is obvious that the relativa volatility,
which increases in the same range, has a negligible influence on
the volatile loss. The loss is governed by the molecular diffusivity of the volatile component which decreases in the range methanol, n-propanol, and n-pentanol. Generally, it can therefore be
concluded that the volatile concentratien at the surface of the
drying slab can be considered to be zero even in the case that
mass transport is accelerated by convection streams in the slab at
the evaporating surface.
As can be seen from Table (3-1) the critica! equilibrium RH
generally increases with increasing molecular weight of the alcohol.
3.3 Theory
3.3.1 Introduetion
A quantitative analysis of the effect of the process variables
on the desorption rate of water and volatiles can only be obtained
by solving the transport equations of wàter, dissolved solids and
the volatile components. If transport is affected by both molecular
diffusion and internal circulation streams these transport equations
are extremely complex and mostly not known exactly. Furthermore
quantitative comparison of theoretica! and experimental results is
only possible if the data of the physical properties concerning
the water concentratien dependences of the sorption isotherms
and diffusivities are known.
Here a simplified model of the water and volatile loss from a
slab in which transport occurs only by molècular diffusion will be
considered. The temperature of the slab, which is dried from one
side, is taken constant. Calculations of the effect of process

80

variables on drying rate and volatile loss will be performed with
assumed empirica! relationships for the water concentratien dependenee of t~e diffusivities and the sorption isotherms. The assumptions will be so ohosen that they are representative of these of
aqueous carbohydrate solutions containing volatile trace components.
OWing to the st~ong water concentratien dependenee of the water and
volatile diffusivities, the non-linearity of the water sorption
isotherm, and ·the shrinkage of the drying sample, only a numerical
salution of the diffusion equations is possible.
3.3.2 Mathematica! model of the

dryin~

slab

Assumptione

- The water sorption isotherm of the drying slab is given by

c•w,i /C's
w = 1-exp(-lOCw,i /p w)

(3-2)

where Pw is the density of pure water.
- Th7 water diffusivity Dw is given by
(3-3)
- The pseudo-binary aroma diffusivity Da is given by
(3-4)

The multi-component water aroma diffusivity Daw is taken to be
independent of the water concentration.
- The Henry coefficient Ha (Chapter 2) is given by
pwHa

=

20+100[exp(-7.5Cw/PwÛ

(3-5)

- The effect of molecular contraction on mixing water and dissolved
solids is neglected. Consequently, the shrinkage is taken to be
proportional to the amount o: water evaporated.
- Density of the dissolved solids is 1.6 g/cm 3 •
- Temperature of the drying slab is 25°C.
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TranspoPt of

~ateP

A diagramrnatic representation of the drying slab is shown in
Fig.(3-l). The mass flux of water, Nw, relative to stationary
coordinates in the slab is described (Chapter 2) by
;()x
___}!!_

Nw = --w
X (N +N ) -pD
w s
w

élz

(3-6)

where xw is the mass fraction of water, Ns the mass flux of dissolved solids with respect to stationary coordinates, p the total
density, and z the coordinate in the direction of transport,
perpendicular to the gas-liquid interface. In the case of no volume
contraction upon mixing, the fluxes Nw and Ns are related by
N lp

w

w

=

-N· /p

s

(3-7)

s

where Ps is the density of the pure dissolved solids component.
The relation between the total concentratien p, the water concentratien Cw and the dissolved solids concentratien c 5 is given by
(3-8)
Substitution of eqs.(3-7) and (3-8) in eq.(3-6) results in

ac

= -Dw
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(3-9)

The water flux N: in the slab relative to v5 , i.e. the linear
velocity of the dissolved solids molecules, is given (Chapter
Nws = C (V -V ) = N -C N /C
w w s
w w s s

2)

(3-10)

where Vw is the linear velocity of the water molecules.
Substitution of eqs. (3-7)- (3-9) in eq •. (3-10) results in
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Ns _
w
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w

az-

(3-11)

At the air-liquid interface of the slab N! is equal to the evaporation rate Fw. From a mass balance of water in the slab it
follows that
(3-12)
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The initialand boundary conditions of eq.(3-12) are.
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where L

0

is the initial thickness of the slab and L the thickness

at time t.

Transport of voZatiZes
For the mass flux Na of a volatile component with respect to
stationary coordinates can be derived (Chapter 2)
N
a

=

where C
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N
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is the aroma concentration, X

a

the
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( 3-13)
fraction of the

aroma component, and D
the multi-component diffusion coefficient
as
of aroma-dissolved solids. The relation between the pseudo-binary
aroma diffusivity Da and the multi-component diffusivities Das and
Daw is given by eq. (2-34). Substitution of eqs. (3-7) and (3-9) in
eq.(3-13) results in

(3-14)
From a mass balance of the volatile component in the slab fellows

(3-15)
Substitution of eq.(3-14) in eq.(3-15) yields
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The initialand boundary conditions of eq.(J-16) are
ca = cao

t

=0
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=

0

t
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z = L
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> 0
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Numerical sol-ution of the dilfusion equations
For a quick numerical calculation procedure it is necessary to
transferm the real length coordinate in the slab to shrinking free
coordinates. This can be done according to the method mentioned by
Menting (16). The definition of the new length coordinate z• and
the corresponding new concentrations of water, c:, and the aroma

co:~r (::~;::)::ven

by

(3-17)
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(3-18)
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(3-19)

Substitution of eqs. (3-17)-(3-19) in eqs. (3-12) and (l-16) results in
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respectively. The initialand boundary conditions of eqs.(3-20) and
(3-21) are

t = 0
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The methad of numerical salution of eqs.(3-20) and (3-21) is
given in detail by Kerkhof et al. (80).
3.3.3 Results and discussion
3.3.3.1 Water and volatile concentratien profiles in the drying slab
Fig.(3-20) presents calculated water and aroma concentratien
profiles in a drying slab with drying time and gas phase mass transfer coefficient kas parameters. The figure clearly shows that for
surface water concentratien lower than 0.3 g/cm~ the concentratien
profiles at the evaporating surface beoome very steep. For a high
value of k the aroma concentratien profiles show a pronounced
maximum. This maximum can be caused by the shrinkage effect of the
slab as wel! as by the water concentratien dependenee of the Henry
coefficient Ha. For obtaining a maximum in the aroma concentratien
profile a relatively high drying rate is necessary. At low values
of k, the aroma concentratien decreases continuously in the direction
of the evaporating surface.
3.3.3.2 Effect of initial dissolved solids concentratien on drying
rate and volatile retentien
In Fig. (3-21) the calculated weight of a drying slab is shown
in dependenee on time with the initia! dissolved solids concentratien
as parameter. It is clear from the figure that initially the drying
rates are constant and indepengent of the dissolved dry matter content.
The period of constant drying rate increases with decreasing dissolved
solids concentration. In Fig.(3-22) the calculated aroma retention·
is shown in relation to time for the same conditions as in Fig.(3-21).
Here, too, parameter is the initia! dissolved solids concentration.,
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Fig.(3-20) (60) TheoreticaZly caZcuZated water and aroma CO)Jcentration profiles in a drying sZab. The mass transfer coefficient
in the gas phase k and the drying time (s) are taken as parameters.
InitiaZ sZab thickness is 0.7 cm. ReZative humidity RH of the
dryingairis 0%. InitiaZ water concentration is 0.8 g/am3.
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The figure fully confirms the effect already observed experimentally.
Camparisen of Fig.(3-21) with Fig.(3-22) leads to the conclüsion
that also for these rather arbitrarily chosen relationships for the
water concentratien dependences of water and aroma diffusivities
and water and aroma activities, the period of constant drying rates
roughly coincides with the period during which volatiles are lost
from the drying slab.
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3. 3. 3. 3 Effect of gas phase mass · transfer coeffic'ient· and r·e·lative
humidity of the·gas phase on volatile retentien
In Fig;(3-23) the calculated effect of the mass transfer coefficient k in the gas phase on the ratention after drying is shown.
Parameter is the relativa humidity of the gas phase. It follows
100.-------------------------,

Fig. (3-23) (60) TheoretiaalZy aaZauAR

Zated effeat of the gas phase mass
transfer aoeffiaient k on the voZatiZe
roetention after drying. InitiaZ sZab
thiakness is 0.7 am. InitiaZ ~ater
aonaentration is 0.8 g/amJ. Parameter
is the reZative humidity RH (%) of the
drying air. D
aw

0

60
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5

from the figure that the ratention increases with increase in mass
transfer coefficient and decreasas with increase in relativa humidity.
The latter has also been observed experimentally.
3.3.3.4 Effect of ternary aroma-water diffusivity o
on volatile
aw
re tention
The effect of Daw on the volatile ratention after drying is shown
in Fig.(3-24). The figure clearly illustrates that for high values
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Zated effeat of Daw on the voZatiZe
roetention after drying. InitiaZ sZab
thiakness is 0.7 am. InitiaZ water
aonaentration is 0.8 g/amJ. Mass
transfer aoeffiaient in the gas phase
is 7 am/s. ReZative humidity RH of
the drying air is 0%.
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the effect of Daw on the retentien after drying can be fully
For low values of Daw the retentien decreases with
decreasing Daw· This can be understood because a low value of
Daw implies a streng interaction between volatile and water molecules. Because the transport of water is in the direction of the
evaporating surface, the direct effect of the water flux on the
volatile transport is an increase in volatile transport in the
direction of the evaporating surface. According to eq.(2-34)
(Chapter 2) it must be noted that for constant value of Da a decrease in Daw' implying an increase in the interaction bet~een
water molecules and volatile molecules, always results in an increase in Das which implies a decrease in the interaction between
volatile and dissolved solids molecules. Since the transport of
dissolved solids is always in the direction opposite to that of the
water molecules, a decrease in the interaction between dissolved
solids and volatile molecules always results in higher volatile loss.
negle~ted.

3.3.3.5 Effect of initia! slab thickness on volatile retentien
Fig.(3-25) shows the effect of the slab thickness on the aroma
retentien after drying. An increase in slab thickness always results in an inc;:rease in aroma retention, as can be simply explained
by consirlering the diffusion equations. For thin slabs the water
concentratien at the surf~ce drops more rapidly to the critica!
water concentratien than for thick slqbs owing to the fact that
the maximum depth of penetratien of the water ~oncentration profile
is smaller. However, because in general the relative loss 9f aromas
10~------------------------~

Fig.(3-25) (60) Theoretically calcuZated effect of initial slab thickness
on the volatile retention after
drying. Initial ~ater concentration
is 0.8 g/am3. Relative humidity RH
of the drying air is 0%. Mass transfer
aoefficient in the gas phase is 1 cm/s.
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during the constant rate period is much greater than,the relative
water loss, it can be expected that, if the critica! water concentratien at the interface is not attained at the moment the depth
of penetratien of the water concentratien profile is equa~ to the
slab thickness, nearly all aroma components have been evaporated.
For thick slabs the rate at which the water concentratien at the
surfaces drops to the critica! value is independent of slab thick-ness. Because in that case the duration of the constant rate period
is independent of the slab thickness, the absolute amount of aroma
loss is also independent of the slab thickness. This means that for
thick slabs the relative aroma loss is inversely proportional to the
slab thickness.
3.4 General conclusions
(a)

From the experimental and theoretica! results it follows that
the volatile retentien in air drying slabs of aqueous carbohydrate solutions depends on drying temperature, relative humidity
of the gas phase, molecular weight of the volatile component,
molecular weight of the dissolved solids component, the initia!
dissolved solids concentration, the slab thickness, the mass
transfer coefficient in the gas phase, and the degree of mixing
in the drying slab. If all other variables mentioned above are
taken constant the volatile retentien increases with:
ina:t'easing

dissolved solids concentratien
molecular weight of aroma molecules (for homologues)
molecular weight of dissolved solids
mass transfer coefficient in tne gas phase
drying temperature
slab thickness, and
deaPeasing

relative humidity of the gas phase
degree of·mixing intheslab
(b)

The volatile retentien is independent of the relative volatility
as long as the effect of internal circulation streams in the
slab on the transport of water and volatiles is not fully domina~ing
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the diffusional transport.

(a)

The period during which aromas are lost from the drying slab
coincides roughly with the period of constant drying rate.

(dJ Thè critica! water activity at the surface of the drying slab

below which no further loss of volatiles occurs
increasing temperature.
(e)

decre~ses

with

For the case .that internal circulation is fully suppressed,
the water and dissolved solids transport in the drying slab
can be described by a binary diffusion equation, whereas the
transport of volatiles can be described by a ternary diffusion
equation. Owing to the shrinking effects and/or the water concentration dependenee of the aroma activity coefficient, the
aroma concentratien profile in the drying slab can show a.
maximum.
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CHAPTER 4
VOLATILE RETENTION IN SPRAY-DRYING

4.1 Introduetion

Speci[ic feature8
In spray-drying the liquid material to be dried is dispersed
as a fine spray which is brought into contact with a stream of hot
gas. The gas supplies the heat for evaporation and carries off the
evaporated components. Aftar completion of the drying process the
particles are separated from the drying gas. The apparatus in which
the spray-drying process is performed mostly consists of a cylindrical drying chamber the lower part of which is conical. The drying
particles and the drying gas can pass through the chamber in co.current, counter-current or mixed flow, or a combination of two or
more of these fundamental flows. For obtaining the dispersed particles from the liquid feed, three basic methods of atomization can
be applied: pressure, pneumatic, and centrifugal atomization. Which
type of atomization and which air flow pattarn in the drier is used
strongly depends on the nature of the liquid feed and the required
properties of the dried product.
Compared with most other drying techniques the spray-..drying process
offers saveral advantages. Owing to the great specific surface and
the small dimensions of the drying droplets, very short drying times
can be realised in the spray-drier. The rasidanee time of the drying
particles in the hot drying gas is extr~mely low and ranges in most
commercial installations between 1 and 30 seconds. This makes the
spray drying process very suitable for drying heat sensitive materials,
such as foodstuffs. For obtaining a dry product consisting of spherical
homogeneaus or hollow particles, spray-drying is the only possible
practical drying technique. Certain product characteristics such as
partiele size and bulk density may be effectively controlled and
varied by the process conditions. This is the reason why the spraydrying technique is also very often applied in drying clay, silicates,
ceramics, detergents and pharmaceuticals. An important application
of the spray-drying technique is also the drying of liquid foods where
ratention of volatile components is required.
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Because this chapter is concerned with volatile retention in
spray-drying aqueous carbohydrate solutions containing volatiles,
a further discussion of the spray-drying process is limited to the
drying process of aqueous salution atomized by means of a high
pressure atomizer which is now the most suitable and most applied
atomization technique for such solutions.
Physiaal desaription of the droplet formation and the drying
process in a spray drier
Droplet formation

Directly after leaving the atomizer the liquid expands in a
hollow highly turbulent liquid cone which is held tagether by means
of the surface tension and viseaus farces. The velocity components
in this cone are vertical as well as centrifugal and result in a
spiral movement of the liquid with an increasing spiral diameter.
The thickness of the liquid film of the hollow cone decreases with
increasing distance from the nozzle orifice. At the end of the liquid
cone when the minimum thickness of the film is attained, draplets
are formed owing to the tearing action of the air flow around the
cone and the surface tension. The length of the cone, the minimum
thickness of the liquid film, the apex of the cone and the size and
size distributions of the draplets are strongly dependent on the
type of pressure nozzle ato~izer, the operating conditions of the
nozzle~ and the physical properties of the material to be atomized.
A thin liquid cone with a great apex can be obtained in the case of
low viseaus systems. The same can be expected at a high pressure drop
across the nozzle and a small nozzle orifice. The diameter of the
dropiets which are formed at the end of the cone generally increases
with increasing viscosity of the liquid feed.
Drying prooess

Little is ~own about heat and mass transfer in the liquid cone.
OWing to the relatively thin cone wall and its high turbulence it
can be expected that heat and mass transfer are fully governed by
the relative velocity of the liqUid in the cone with respect to the
gas phase and the conditions of the gas phase surrounding the cone.
Consequently, the water concentratien gradient in the cone in the
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direction of the evaporating surface can be neglecteq. Because in
proper atomization the dLmensions of the liquid cone are small, the
total amount of water and other components evaporating from the
cone is small.
During the formation process of the draplets from the liquid
cone highly turbulent circulation currents are developed inside
the droplets. The drying rate is consequently still fully controlled
by the conditions of the gas phase. For small draplets the interna! turbulent circulation currents, induced by the formation process,
damp out rapidly. For large droplets, however, the turbulent circulation streams are nat damped out fully but change into natural internal laminar circulation streams. These streams are caused by the
stress force exerted by the air flow around the droplet. The critical Re number above which circulation inside the draplets occurs,
increases with decreasing viscosity of the continuous phase and increasing viscosity of the dispersed phase. The direct influence of
the natura! laminar circulation streams is an increase in the effeç:tive diffusivities in the droplet to about 2 to 3 times the molecular diffusivities. However, in many spray-drying processes of aqueous carbohydrate solutions the initia! droplet diameters are smaller
than 0.05 cm. For such small diameters it can be expected that the
draplets behave as rigid spheres inside which the t:x::ansport is fully
governed by purely molecular diffusion.
In principle, the drying process of a droplet in a spray-drier
is governed by bath the transport characteristics in the droplet
and in the surrounding gas phase. The water flux Fw at the surface
of the droplet relative to the gas-liquid interface can be expressed
b:y
Fw

= k(C'w,i -C')
w

(4-1)

where k is the mass transfer coefficient in the gas phase, c~,i the
equilibrium wat.er concentratien in the gas phase at the interface
of the droplet, and C~ the water concentratien in the bulk of the
gas phase. The ~eat flux Q to the droplet is represented by
(4-2)
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where h is the heat transfer coefficient, Ta the temp~rature of
the drying air, and T the droplet temperature. Under most conditions
the change in heat capacity of the droplet during the drying process
is smal! compared with the heat necessary for the evaporation of
water from the droplet. In that case the mass flux Fw is.related
to the heat flux Q by the equation

.

(4-3)

where 8Hw is the heat of evaporation. For a rigid sphere the mass
transfer coefficient k is dependent on the droplet diameter d and
the relativa velocity Vr between droplet and its surrounding air
accèrding to the semi-empirica! equation of Ranz and Marshall (61)
(4-4)

In this equation Sh = kd/D~, where D~ is the water diffusivity in
F-he gas phase; Re = p'Vrd/n, where p' is the density of the gas
phase, and n the dynamic viscosity of the gas phase; Sc= n/(p'D~).
For the heat transfer coefficient h an analogous equation as for
the mass transfer coefficient k can be given (61)
(4-5)

In this equation Nu= hd/À' where À1 is the heat conductivity of
the gas phase; Pr = nC'/À',
where C'p is the specific heat of the
p
gas phase. Eqs.(4-4) and (4-5) are both consistent with the theoretica!· requirement that Sh = Nu = 2 at Re
0.
The water concentratien in the droplet is initially uniform.
For high interfacial water concentrations in the droplet the equilibrium water concentratien in the gas ·phase is nearly equal to the
saturated water concentratien at the droplet temperature. Th~ drying
rate is then fully determined by the conditions of the gas phase.
As the drying process is progressing the water activity in the droplet at the interface decreases, and owing to the resistance to mass
transfer in the ~oplet a concentratien gradient is set up in the
direction of the èvaporating surface. The concentratien profile in
the droplet is the steeper the greater the mass flux at the surface,
and the lower the molecular diffusivity in the drying material.
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According to eq.(4-l) the mass flux Fw is proportional to the
mass transfer coefficient k. From eqs. (4-4) and (4-5) it follows
that k and h increase with increasing relative droplet velocity
and decreasing droplet diameter. As has already been mentioned
the resistance to mass transfer inside large draplets is reduced
substantially by internal circulation streams. Considering these
aspects, it can he concluded that the decrease in surface water
concentratien in the droplet is stronger for higher relative droplet veloeities and smaller droplet diameters.
If the gas phase in the drier is ideally mixed, or if droplet
and drying air are in counter-current flow, the droplet temperature
will always increase with decreasing water activity at the surface.
If droplet and air are in co-current flow, the temperature of the
droplet will initially increase and after attaining a maximum value
decrease again. This is clearly shown in the literature {62). At
high surrounding air temperatures the droplet temperature can exceed
the boiling point of the solution. If the water concentratien in
the interlor of the droplet is high enough, this can result in vapour bubble formation in the interlor of the droplet. Under these
conditions expansion, skin rupture oi puffing of the droplet may
occur.
U:>Zati Ze re tention in spray-drying

In spray-drying coffee extract, in which the liquid was dispersed
by means of a centrifugal atomîzer, Sivetz and Foote (11) reported
a strong increase in aroma retentien with increase in dissolved
solids concentratien of the feed. This strong increase was mainly .
ascribed to the atomization of larger dropiets due to the increasing
viscosity of the extract with increasing dissolved solids concentratîon. At high dissolved solids concentratien retentions of volatiles
up to 100% were observed. The favourable effect of high viscosity
of the feed was confirmed by the observation that at constant initia!
dissolved solids concentratien an ex~ract of low'temperature, and
consequently high viscosity, always resulted in a higher volatile
retentien of the spray dried product than an extract of high temperature. Because in general large thick-walled particles showed a
higher retentien than small thin~walled particles, a hîgh retentien
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was associated with a low surface to volume ratio of the particles.
It was also stated by Sivetz and Foote that at high air temperatures,
which cause balloonlike expansion of the droplets, the retentien
was appreciably lower than at low air temperatures.
In spray-drying (centrifugal atomization) an aqueous salution
of 10 wt% gum arabic to which ethyl caprylate was added as volatile
component, Brooks (12) reported an increase in the (relative) retentien of ethyl caprylate with increasing gum arabic to ester ratio in
the feed. Between 110 and 210°C an increase in air inlet temperature
resulted in an increase in retentien at a constant air outlet temper-ature of 80°C. It was further observed by Brooks that at constant
air temperature and constant initial dissolved solids and ester
concentrations an increase in droplet size resulted in an increase
in retention. The increase in retentien was ascribed to the decrease
in the surface to weight ratio with increasing partiele diameter.
The observed effects on ester retentien during drying were explained
by postulating that when a droplet of gum arabic
ester emulsion
is dried, a selectively permeable skin is formed on the outside of
the droplet. Brooks claims that until this skin is complete, both
water vapour and ethyl caprylate can be lost from the surface.
Menting and Hoogstad (17) studied the drying of single draplets
of aqueous solutions of malto-dextrin to which acetone had been
added in low concentration~. They found that acetone was lost only
during what is called the constant drying rate period. They also observed a decrease in volatile loss with increasing initial dissolved
solids concentration. The retentien was favourably influenced by
decreasing the relative humidity of the. air. It was observed in
these experiments that during drying a film was formed on the surface of the droplet. The higher the initial carbohydrate concentratien the quicker the film was formed.
For the retentien of model aroma components in spray-drying
(pressure nozzle atomizer) coffee extract Thijssen and Rulkens (1)
reported a strong increase in retentien with increasing dissolved
solids content. It was observe~ by these authors that the retentien
was insensitive. to the relative volatility of the model volatile
components. Thijssen and Rulkens explained the effect of the different process variables on spray-drying by the selective diffusion
theory.
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Reineccius and Coulter (13) studied bath the effeqt of the
initial dissolved solids concentratien in skimmilk and the effect
of the air inlet temperature on the retentien of the model aromas
acetoine, acetone, and diacetyl in spray-drying (pressure ~ozzle
atomization). For this system the aroma retention was ar'so found
to imprave considerably by an increase in the solids concentration.
It was further found that at constant air inlet temperature and
constant initial dissolved solids concentratien the ratention was
independent of the partiele size of the dried product. Similarly
to the results of Sivetz and Foote (11) but opposed to those of
Brooks (12), however, they observed a decreasein aroma ratention
wit~ increase in air inlet temperature. They also ascribed the retention of volatiles to the formation of a selective membrane at
the drying interface, which will preferably retain the organic volatiles.
Schuurmans (63) studied the influence of some process variables
during spray drying (centrifugal atomization) of aqueous maltodextrin solutions to which acetone was added as a volatile component.
The viscosity of the feed was varled by adding small amounts of
carboxymethyl cellulose. It was observed from his experiments that
volatile retentien strongly increases with increase in initial dissolved solids concentratien and increase in viscosity. The maximum
observed retentien was 60% at an initial dissolved solids content
of 50 wt%. It was further found that an optimum inlet and an optimum
outlet temperature exist at which the ratention is maximum.
It is obvious that all experimental results mentioned in the
foregoing can be explained by the selective diffusivity for water
of aqueous carbohydrate and protein solutions at low water concentration. From this selective diffusion theory it follows that be~ow
a critical water concentratien the system becomes completely impermeable to organic volatiles. It is clear that spray-drying conditions
leading to rapid decrease in the water concentratien at the surface
of the drops, down to the critical value of complete impermeability
to aromas, result in high aroma retention. The aromas can only be
lost during the'time needed to form thè dry skin around the droplets.
Favourable to the rapid formation of a selectively permeable skin
around a drying droplet are high initial concentratien of dissolved.
solids, high mass transfer coefficient between drying droplet and

98

surrounding air, low relativa humidity of the air, high droplet
temperature, and the absence of conveetien currents in the drop.
From the experimental results mentioned in the literature it can
be concluded that an increase in droplet diameter will always
result in an increase in aroma retention, notwithstanding the decrease in the mass transfer coefficient in the gas phase with increasing droplet diameter. Probably the effect of a larger average
distance over which aroma molecules have to diffuse in order to
get outside the droplet more than compensates the effect of a langer
time needed to attain the critica! moisture content at the surface
of the droplet.
It has to be noted that the total loss of volatiles during the
spray-drying process is not only governed by the volatile loss
during the period the drying draplets behave as rigid spherical
particles but also by the loss which occurs in spray-drying during
the following stages:
- The period the drying liquid is present in the oonicáZ fil-m at
the atomizer. As has already been mentioned, the liquid coneis
highly turbulent so that the resistance to mass transfer in the
liquid can be neglected. In that case the loss of aromas from
the liquid is fully governed by the relativa volatility of ~he
aroma components and the conditions of the gas phase.
- The formation period of the drops from the liquid cone.
Because formation of the draplets is associated with streng
circulation currents in the liquid, also during this period loss
of aromas is only governed by the relative volatility and the
gas phase conditions around the droplets.
- The period during which naturat cirautation streams are present
in the droplet. Natura! circulation currents counteract t~e
formation of a concentratien gradient in the direction of the
evaporating surface. In the absence of a selectively permeable
membrane at the surface of the droplet the volatile aromas will
evaparate at f.east as fast as the water.
- The period in which expansion of the draplets and formation of
cracks and eratere in the skin of the drying droplet occurs.
Formation of open channels between the air and the droplet
interior makes possible aroma loss straight from the interior
of the drops.
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Ob'jecti'Oe of this studu.
From the foregoing it is clear that the qualitative effect of
most process variables on volatile ratention during spray-drying
aqueous carbohydrate and proteinl solutions is known and can be explained by the selective diffusivity theory. However, in certain
cases the observed results are somewhat contradictory. Furthermore, the effect of some process variables and system variables,
such as composition of the dissolved solids and molecular weight
of the volatiles have not or only to a small extent been investigated. Little is known about the effect of the formation period
of the dropiets on volatile retention. The objective of this
chapter is to present more quantitative and additional information~
in order to develop a realistic model of volatile loss during spray
drying.
In sectien 4.2 the experimentally observed effect of some process variables on volatile retentien during spray-drying aqueous
carbohydrate solutions, to which model volatile components are
added, is treated. Explanation of the results will be given by
means of the selective diffusion theory. Two types of atomization
of the feed have been used. Most experiments has been performed
with liquid feed atomized by a pressure nozzle atomizer. In a few
experiments the carbohydrate solution has been fed to the drying
tower in the form of froze~ particles. Comparison of the volatile
retent'ion observed with both methods of feed may yield information
about volatile loss from the liquid cone and during the formation
period of the droplets.
In sectien 4.3 the exact diffusion equation for water transport
in a rigid sphere is given. The equation is solved numerically
for several process parameters. From the calculated interfacial
water concentratien against time curves the total aroma loss will
be calculated by means of a simplified model of the aroma transport
in the droplet. All calculations will be performed with water concentration dependences of sorption isotherme and diffusion coefficients which are representative of those of liquid foods.
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4.2 E:xperil.l:l.ental
4.2.1 sample' prepa.ration
The solids used for the drying experiments were glucose and
both types of malto-dextrin. The composition of the dissolved solids
was varied by changing the ratio of malto-dextrin and glucose content.
As model volatile components (à) acetone, (b) a mixture of methanol,
n-propanol and n-pentanol or (c) a mixture of n-butanol, i-butanol
and t-butanol were used. The viscosity of the solution was varied
independently of the dissolved solids concentration by adding small
amounts of carboxy methyl cellulose (c.m.c.).

Liquid feed
For the experiments with the pressure nozzle atomizer the solution
to he spray-dried was prepared by dissolving the desired amount of
the carbohydrates and c.m.c. in water at 20°C. After complete dissalution of the solids the solution was brought to the required feed
temperature by means of a steam jacket around the feed tank. Just
before starting the drying experiments aroma components were added
to this solution in a concentratien of 0.1 wt% of each aroma component on dry basis. In a few experiments higher aroma concentrations
were also used.

The concentratien of each aroma component in the solution used
for preparing frozen particles was 0.3 wt% on dry basis. Two methods
were applied for preparing the frozen grpnules. According to the
first method the aqueous carbohydrate solution, containing the volatiles, was poured in liquid nitrogen. After granulation of the
frozen material under liquid nitrogen, the particles were separated
in fractions of the desired diameter range by means of a vibration
sieve, placed in a refrigerator at -4s0 c. Particles obtained with
this granulation procedure did not have spherical symmetry but showed a rather irregular geometry •• Spherical particles were obtained
by dispersing the aqueous carbohydrate solution via a pressure nozzle
in liquid pentane of -l00°c. In this procedure the nozzle was fixed
10 cm above the surface of the liquid pentane. The bulk of the pentane was separated from the frozen particles in a BÜchner funnel.
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The remainder part of the pentane was removed from the. granules
by evaporation in a vacuum chamber at -60°C and a chamber pressure
below 1 mm Hg. The duration of this desorption process of pentane
was then 5 minutes. The pentane-free particles were separated in
fractions of the desired diameter range in the same manner ,as the
particles prepared according the first method.
During storage the frezen granules were always kept immersed
in liquid nitrogen. It was shown experimentally that during this
storage no loss of water and volatiles occurred.
4.2:2 Drying apparatus and procedure
E~periments

with the preesure noszle atomizer

A diagramrnatic representation of the spray-drying equipment
(NIRO spray-drier) used for the experiments with the pressure nozzle
atomizer is shown in Fig.(4-l). The inside diameter of the drying
chamber was 2.5 m. The lengthof the cylindrical part was 2 m .and

1'
electrio
heater

exhaust air
blower

air ..
in let..

t

Fig.(4-1) Diagrammatia
representation of the
epray-drier.

feed

cyclone
positive
displacement
pump

dry prod'9-ct
storage tank

dry product

the height of the cone shaped lower part also 2 m. The hot air was
introduced concentrically and tangentially around the nozzle. This
air was brought to the desired temperature by means of an electrio
heater in the air inlet channel. The air ra.te, which was controlled
by

mean~

of a throttle valve in the air exhaust line, was variable

between 300 and 900 st~dard m3;hr. The air left the drying chamber
via a cyclone. The temperature of the air was measured by means of
thermo-oouples located in the air inlet and air exhaust channel.
The material to be atomized and spray-dried was pumped fro~ the
feed tank. The feed ~ate was adjustable between 0.020 and 0.100 m3/hr.
For atomization of the feed JATO or SPRAYING SYSTEMS single phase
pressure nozzles were used. It was possible to vary the position of
the nozzle between 0 and 50 cm below the rim of the air inlet cone.
The greater part of the dry powder was separated from the hot air
by gravity and withdrawn from the bottorn of the cone of the drier.
The remainder of the powder, carried off by the exhaust air, was
separated in the cyclone. Befere a drying experiment was started,
the spray-drier was brought to the required equilibrium conditions
using a feed of pure water. Samples were taken from ~he feed and the
dried product after the drying process had become stationary.
E:x:periments li1ith the [rozen granulee
In the experiments with the frezen granules the same spray-drier
was used. The frezen particles were fed to the drying chamber by
means of a vibrating conveyor located in the. air inlet cone outside
the drier. The conveyor was closed from the atmosphere by means of
a cover. A diagramrnatic representation of the equipment used for
feeding the frezen particles is shown in Fig. (4-2). The feed rate
Fig. (4-2) Diagramrnatie
repreaentation of the
[eed equipment for
[rozen partiales.
partic::les

to the drying chamber was varied between 0 ànd 100 g/hr. In the first
experiments melting of the frezen particles in the conveyor was prevented by continuously adding liquid nitrogen to the particles in
such amounts that the particles remained flowing freely. The partiele
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temperature in the conveyor was then about -200 c. In the later
experiments the frezen particles in the conveyor were mixed with
solid éo particles of the same dimensions. The weight ratio of
2
solid co 2 and frezen malto-dextrin salution was about 1/3. The
drying experiments were started after accommodation of the drying
tower to the conditions of the drying experiments. Samples were
taken from the feed and the dried product.
4.2.3 Analytica! methods
Bulk density of the dried powders

The bulk density of the dried powder was measured after vibrating
a cylinder with the powder sample for 4 minutes at a fixed frequency.
Moisture eontent of the feed and the dried produet

The moisture content of the feed was determined by measuring
the relative weight loss of a feed sample after drying during
24 hours at 80°C and 3 hours at 105°C. The residual moisture content
of the dried powder was obtained by measuring the relative weight
loss of a dried powder sample after drying during 3 hours at 105°c.
VolatiZe loss

For the determination of the volatile concentratien in the feed
samples and the dried product samples, reference is made to Appendix
(2-1). The aroma retentien AR was calculated from the amount of
aroma component retained in the dried powder per unit mass of solids
and the amount originally present in th~ liquid feed or frezen feed
per unit mass of solids.
4.2.4 Results and discussion of the experiments with the pressure
nozzle atomizer
4.2.4.1 Effect of air inlet temperature on air outlet temperature
Fig.(4-3) shows the temperat;.ure profile in the drying tower along
the vertical axis, measured in the absence of a liquid feed rate.
It ;î,s clear from the figure that, with the exception of the small
reg.i()nin the direct environment of the rim of the air inlet co_ne,
the air temperature in the drying tower decreases only slightly
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with increasing distance from the rim of the cone. It can therefore
~e concluded that, with the exception of the small region around
the nozzle, the air in the drier can be considered as ideally mixed.
The great difference in air inlet and air outlet temperature shows
that a great portion of the heat capacity of the air is lost via
the wall of the tower.
Fig.(4-4) shows the increase in air outlet temperature with increasing air inlet temperature for a feed rate of 0.045 m3 /hr.
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Fig.(4-4) Effect of air
inZet temperature on air
outlet temperature. Air
rate is 900 standard m3/hr.
Feed rate is 0.046 m3jhr.
DissoZved solide concentration in feed is 60 wt%.
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4.2.4.2 Effect of 2rocess variablès on bulk density
Fig.(4-5) shows the effect of air inlet temperature on bulk
density of the powder collected by gravity at the bottam of the
spray-drier. The initial dissolved solids concentratien and feed
lOS

temperature are taken as parameters. The strong dec~ease ;n bulk
density with increasing air inlet temperature is caused by the
increase in vapour bubble formation in the interior of the droplet
with increasing droplet temperature. The initial dissolved solids
•
concentration appears not to influence the bulk density. From micr00.5,---------------------------~
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photographs of the spray-dried material it can be seen that at constanti
air temperature the droplet diameter increases with increasing
initial dissolved solids concentration. From this it can be concluded
that the relative expansion of the drying drops by bubble formation
is independent of the initial dissolved solids concentration of the
feed. In the range between 0.035 m3/hr and 0.050 m3 /hr the feed rate
appears to have no·effect on bulk density. Neither does an increase
in viscosity of the feed at constant initial dissolved solids concentration and constant air inlet temperature by adding c.m.c.result
in a signiricant change in the bulk density.
For air inlet temperatures of about 320°C the bulk densi~y of
the powder obtained in the cyclone is about 100% higher than the
bulk density of the powder collected by gravity, while for an air
inlet temperature of about 280°C the bulk density of the èyclone product is about ~O% higher. At air inlet temperatures of about 240°c
only a slight difference in bulk density between cyclone product and
the powder separatêd by gravity is observed. It is clear that at
high air inlet temperatures a great part of_the drying droplets will
explode. Most parts of these exploded particles are separated in the
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cyclone while the majority of the éxpanded but not ~xploded
particles are collected at the bottorn of the drying chamber.
The effect of the composition of the dissolved solids (glucose
and malto-dextrin MD20 ) on the bulk density is illustr~ted in
11
Fig. (4-6). This figure shows the variatien in the bulk 'density of
the powder, separated by gravity, with. the percentage glucose of
the dissolved solids for different air inlet temperatures. For low
1.0,--------~------------~
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percentages glucose in the feed the bulk density strongly increases
with increasing glucose percentage. A higher percentage glucose of
the dissolved solids in the feed results in a lower mean molecular
weight of the feed salution and therefore in a higher diffusivity.
This means that dry skin formation around the draplets and, consequently, expansion or explosion of the draplets is strongly retarded
and suppressed, resulting in a higher bulk density of the dry powder.
4.2.4.3 Mean diameter and moisture content of the dried particles
The mean partiele size of the powder samples varied betwéen 50 and
~m. All investigated samples showed a relatively large spread
in the partiele size distribution. It has also been observed that generally the mean partiele diameter increases with increasing initia!
dissolved solids.concentration, increasing viscosity of 'the feed,
and increasing air inlet temperature.
300

The moisture content of the dried product varied between 0 and
6 wt%. Under the same process conditions the'moisture content of the
powder, separated by gravity in the drying chamber, was somewhat
10.7

higher than the moisture content of the powder collected in the
cyclone. No correlation has been found between air inlet temperature
and moisture content. Neither has an effect of the ihitial dissolved
solids concentratien on the final moisture content of the droplets
been observed.
4.2.4.4 Effect of initia! dissolved solids concentration, feed
temperature and air inlet temperature on retentien
Fig.(4-7) shows the effect of feed concentration, feed temperature
and air inlet temperature on the ratention of acetone in drying solutions of malto-dextrin MD20 1 • The effect of air inlet temperature,
feed temperature, and feed concentratien on the retentien of methanol, n-propanol, and n-pentanol in drying solutions of malto-dextrin
MD20 11 are shown in Fig.(4-8) and Fig. (4-9). Fig.(4-10} gives the
effect of the feed concentratien on the ratention of butanols.
Remarkable is the difference in effect of the feed concentratien
on retentien between malto-dextrin MD20 1 and malto-dextrin MD2o 11 •
For the latter, an increase in concentratien results in a strong
increase in retention. For malto-dextrin MD20 1 the aroma retentien
always increases leas strongly wi_th increasing dissolved solids concentration and at high feed concentrations beoomes even independent
of the feed concentration. This difference can most probably be ascribed to the higher visco~ity of aqueous solutions of malto-dextrin
MD20i. A change in liquid viscosity af~ects the formation process of the droplets which in turn influences the aroma retention.
As has already been mentioned the dropiets are dispereed from a
highly turbulent liquid cone leaving the nozzle. For the nozzles used
in this investigation an increase in liquid viscosity results, in
the high visoosity region, in an inorease in length of the liquid
cone. Owing to the strong turbulenoe in the liquid oone loss of aromas
from the oone is mainly controlled by the relative volatility and
the conditions of the gas phase surrounding the oone. An increase
in viscosity will cause an increase in residence time of the liquid
in the turbulent cone and consequently results in an increase in
aroma loss from the liquid cone, This effect on final aroma retention,
however, is counteracted by the more rapid formation of a dry skin
around the drops at a higher dissolved solids concentration.
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Moreover, the higher viscosity produces larger droplets. As
already mentioned, larger drops ~prove the aroma retentioh. In
accordance with the above it can be concluded from the figures
that in the high concentratien region, the detrimental .ef.fect of
the higher loss from the liquid cone at higher viscosities dominatea the favourable effect of larger droplet diameters and a
more rapid dry skin formation. The reverse appears to be true in
the low concentratien range where a decrease in feed temperature
resuits in an increase in retention.
Fig.(4-7) shows that in the high concentratien range at a high feed
temperature the acetone retentien decreasas strongly with increase
in air inlet temperature. This effect can be correlated to a streng
decreasein density of the dry product with increase in air'inlet
temperature. At a high air inlet temperature the droplet temperature will rise faster, This results in a strenger contribution of
the evaparatien of water from the interior of the droplet. Tagether
with the water vapeur part of the volatile aromas will escape from
the droplet through craters in its surface. At low feed concentrations the aroma retentien is much less dependent on air inlet temperature. Fig.(4-7) shows that for iow feed temperatures, the
acetone retentien becomes insensitive to air inlet temperature also
in the high concentratien range. From Figs.(4-8) and (4-9) it fellows
that at low dissolved solids concentratien the alcohol retentien
found in drying aqueous solutions of malto-dextrin MD20II is also
nearly independent of the air inlet temperature. For high initia!
dissolved solids concentratien a decrease in retentien with increasing air inlet temperature is observed. However, this decrease
is small compared with that found in the experiments with aqueous
solutions of malto-dextrin MD20I and ~cetone as volatile component.
The maximum dissolved solids (malto-dextrin MD20I and MD20rr>
concentratien of the feed which can just be adequately atomlzed
with a JATO nozzle at a feed temperature of 85°c is about 54 wt%.
Above this dissolved solids concentratien suitable atornization of
the feed can only be obtained with SPRAYING SYSTEM nozzles. Using
this type of nozzle it is possible to atomize feeds with an initia!
dissolved solids (malto-dextrin MD20II) concentratien of up to
62 wt% maximum. It has been observed that up to 58 wt% dissolved
solids the alcohol retentien increases with increasing dissolved
110

solids content of the feed and remains constant for ~igher initia!
dissolved solids concentrations. The maximum retentien found at
58 wt~ dissolved solids and an air inlet temperature of 240°C is
for methanol, n-propanol, and n-pentanol 71%, 88% and 92% respectively.
\., /

.

'

.

4.2.4.5 Effect of relativa volatility and molecular size of the
volatiles on volatile ratention
Figs.(4-8) and (4-9) clearly show an increase in ratention with
an increase in carbon chain length of the alcohol molecule. This
occurs notwithstanding the fact that the relativa volatility of
the alcohols if present at low concentrations in aqueous solutions
strongly increases with increasing molecular size. From this it can
be concluded that for volatile aromas the ratention is independent
of the relativa volatility and is completely controlled by its molecular diffusivity. For homologues the diffusivity always decreasas
with an increase in molecular size. Therefore, the ratio of the
diffusivity of an aroma molecule to that of water will strongly decrease with increasing molecular size of the aroma. The insentivity
to the relativa volatility is also observed for the isomars o~f butanol, see Fig.(4-10). These isomars have about the same diffusivity
in water but differ widely in their relativa volatilities. Therefore, it can be concluded that aroma loss from the liquid cone,
which is governed by the relativa volatility, is. generally smal!
compared with the total aroma loss from the drying droplet.
4.2.4.6 Effect of comeosition of the dissolved solids on volatile
re tention
Fig.(4-11) shows the effect of the composition of the dissolved
solids on the ratention of alcohols for two different air inlet
temperatures. For both air inlet temperatures the figure cl~arly
illustrates a decrease in volatile retentien with increasing glucose percentage of the dissolved solids, this notwithstanding the
fact that with an increase in glucose percentage the volatile loss
resulting from~xpanding and explosion of the drying p~ticles is
substantially dtminished. Apparently, in this case the loss of volatiles is mainly governed by the time necessary for the water concentration in the droplet at the interface ~o drop below its critical value at which the surface bacomes se+ectively permeable to
111
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·water only. Because an increase in glucose percentage of the
dissolved solids results in an increase in the water diffusivity
and therefore in an increase in the time interval during which
the surface of the droplets is permeable te volatiles, aroma retention will decrease with increasing glucose percentage.
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4.2.4.7 Effect of viscosity of the feedon volatile retentien
From experiments with màlto-dextrin MD20 11 solutions it fellows
that at a dissolved solids concentratien of the feed of 41 wt%
an increase in viscosity of the feed by a factor 5 (by adding a
smal! amount of c.m.c.) results in an increase in the retentien
of each alcohol by more than a factor 2. For initia! dissolved
solids concentratien between 45 wt% and 48 wt% an increase in
viscosity of the feed has only a slight effect on volatile retention while for initia! dissolved solids concentratien above
50 wt% an increase in viscosity results in even lower retention.
It is clear from these results that the effect of the increase
in the viscosity of the feed on volatile retentien is similar
te that of the increase in the viscosity of the feed caused by
a decrease in feed temperature on the volatile retention.
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4. 2. 4. 3 l!:ffect of . the pos i tion of the nozzle on volat'i'le retention
The effect of the vertical position of the nozzle on aroma
retention is shown in Fig.(4-12). It should be noted that the retention is only .affected detrimentally if the nozzle is withdrawn
into a region where it does no longer comes into contact with the
hot air. Evidently it is favourable for volatile retention to bring
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the dropiets into contact right after their formation with hot air.
4.2.4.9 Effect of feed rate and air rate on volatile retention
The feed rate has been . varied between 0.035 and 0.050 m3/hr.
For 50 wt% malto-dextrin (MD20 1 ) solutions the atomization pressure at 0.035 m3/hr was 20 kg/cm 2 and at 0.050 m3/hr 40 kg/cm2 •
Notwithstanding the difference in atomization pressure, the retention appears to be insensitive to the feed rate. A similar insensivity to the feed rate has been observed for the bulk density
of the dried powder~ Neither do variations of the air rate between
600 and 900 standard m3/hr app~ar to have any effect on aroma retention.

.
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4.2 .4.10 Effect of the in.itial: volatile co:n·ce:ntrat'.ion·- and· 'f.inal
mo'.isture content· o:n vol·at·i·le rete:nt'.ion
The effect of the initia! aroma concentratien on (relative)
retentien has been studied only for acetone. At acetone concentratien below 1 wt% based on dissolved solids the (relative) retent.ion appears to be independent of the initial concentration.
At high concentrations the reténtions show a decrease with increasing initia! acetone concentration.
In all experiments the final moisture content of the dried
powder varied between 0 and 6 wt%. Within this range the volatile
retentien seems to be independent of the final moisture content.
4.2.5' Results and discussion of the experiments with the frezen
particles
In the experiments with the frezen particles it was observed
that the moisture content of the dried product generally depends
on air inlet temperature, initial dissolved solids concentration,
and mean partiele d1ameter of th.e frezen material. However, in the
following only the results of these experiments in which the meisture content of the dried product was less thán 6 wt% will be presented.
4.2.5.1 Effect of air inlet temperature on air outlet temperature
The effect of the inlet tèmperature of the drying air on the
temperature of the air leaving the drying chámber is shown in
Fig.(4-13) fora feed rate of 100 g/hr. Parameter is the air rate.
Fig.(4-13) .Effeat of inlet temperature
of tne air teaving the drying ahamber.
Feed rate is 100 g/hr. Parameter on the
aurve is the air rate (standar~m3jhr).
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Dwing to the low feed rate the observed relationship· is fully
independent of the water content of the feed.
4. 2. 5. 2 Effect of mean partiele diameter of the feed·. 'On' VQ'lati'le
re tention
The effect of mean partiele diameter on the retention of
alcohols in the dried product is shown in Fig. ( 4-14) for particles
of irreqular shape and with diameters ranging from 125 to 630 ~m.
Parameter is the initia! dissolved solids concentration. The figure
illustrates that the. volatile retention slightly decreases with
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[], methanol; 0 , n-propanol;
6" , n-pentanol.
Air rate 600 standard m3/hr,_air
inZet temperature 150°C, feed
temperature -B0°C, initiaZ dissolved
solide concentration 60 wt%~
• , methanol;
n-propanoZ;
& ,. n-penta:nol.
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increasing mean partiele diameter. Thia seems to be opposite to
the results obtained in the spray-drying process with a liqu~d feed
atomized by a pressure nozzle. However, in the interpretation of
the results found with the frozen particles it should be noted that,
owing to the low feed temperature, it takes a relatively long time
before the particles, fed into the tower, attain wet bulb temperature.
The increase in ' temperature of the cold frozen particles is partially
caused by direct heat transfer from the drying air to the partiele
and partially by condensation of water vapour on the droplet surface.
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The heat transfer to the droplet is governed by the heat transfer
coefficient in the gas phase and the temperature of the gas phase.
The transfer of water vapour to the cold droplet is governed by the
mass transfer coefficient and the relativa humidity of the gas phase.
Because the surface to volume ratio of the particles and the mass
and heat transfer coefficients in the gas phase decrease with increasing partiele diameter, it may be expected that large particles
need more time to attain wet bulb temperature than small particles.
This means that large particles have already passed the hot zone in
the vicinity of the air inlet cone before they start drying, so that
a dry surface around the droplet does not form rapidly.
4.2.5.3 Effect of air inlet temperature, partiele shape and initia!
dissolved solids concentratien on volatile retentien and
bulk density
Figs.(4-15) and (4-16) show th~ effect of air inlet temperature
and partiele shape on volatile ratention and bulk density for an
initia! dissolved solids (malto-dextrin MD20II) concentratien in
the feed of 50 wt% and 60 wt% respectively. It fellows from the
figures that similarly to the results observed in spray-drying experiments with the nozzle atomizer, volatile retentien and bulk density decrease with increasing air inlet temperature. It is clear
therefore that this decrease in retentien has to be ascribed to expanding and puffing of the dry particles at higher temperatures. The
figures also illustrate the difference in aroma retentien between
the spherical particles and the particles of irregular shape. Under
the same process conditions the volatile retentien of the spherical
particles is always somewhat higher than that of the irregularly
shaped particles. Several factors are responsible for this behaviour.
In preparing spheric~l particles an aroma concentratien gradient at
the surface of the droplet has been induced while in the irregularly
shaped particles the aroma concentratien profile is initially uniform.
The mass transfer coefficient ~n thegas phase is higher for sphericai
particles. In the case of irregularly shaped particles conveetien
streams can occur at the surface during melting of the particles.

.
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4.2 .. 5 .. 4 camparisen of volati·le retention of" fro·zen·
volatil!> retent'ibl'l: of lLgtrii't feed

·q~an.uit:rs

W'i"th

In Fig. (4-17) the experimentally observed volatile retention
in spray-drying frozen granules is colllpared with the volat,i.le
retentien found in the spray-drying process pf the liquid feed.
Notwithstanding the fact that oomparisen of the results of both
·experi.ments at the same process,conditions is not possible in
every respect, it .is clear that ,the qualitati.ve effect of piocess
variables on volatile retentien is the same in both cases. At constant initial dissolved solids content and constant air inletl
100
Solutions. Air inlet tempe~atUre
~s 2800C. Air rate is 900 standard
mZ/hr. Feed temperature is asoc .
•

" methanol;

. . ~ n-propanol;

.ä.

.#

n-pentano t.

Granu~es.

Diameter :range: }25-·1 $0 ilJ:

A~r

rate is 600 standard m /hr.
Feed temperature is '"-BOOC. Air inlet

temperature is

83 ,

2osoc.

methanol;

EI:), n-propanol;
~ n-pentanol.
Granules. DiamsteP range: 160-400

A:t.

A~r rate is 900 standard m3jhr~

30

40

_____.

50

60

ini'tial dissolved solids
concentratien (wt%)
Fig. (4-17) Comparison of voZatiZe
retention in spray-drying irregularty shaped frozen granules Mith
volatile retention in spray-drying
liquid solutions. Dissotved sotids
is matto-de%trin (MD20II).

Feed temverature ie -aooc.
Air inlet temperature is 270°C~

r:J

~ methanOt;
t), n-propanot;
~, n-pentanoL.
Air inZet te~perature is 205°C.

0 ,

0 ..

methanol;
n-propanoZ.;

6,

n-pentanot.

tamperature the retention observed in spray-dryi~g liquid feed
with the nozzle atomizer is somewhat higher than the retentien
observed in spray-drying frezen. granules. At constant initial

na

!Jrr.

dissolved solids concentratio~ and drying air temper~ture the
differences in retention between methanol, n-propanol and n-pentanol
observed in drying a frozen feed are almost analogous to the diEferences in retentien observed in drying a liquid

feed~

T~is

confirma

that loss of aromas from th~ liquid cone and during·the. formation
of the draplets is only srnall.
4.3 Theory
4a3al Introduetion
The experimentally observed effects of process variables on
vo~atile

retentien in spray-drying can be better understood with

a theoretica! model of the drying process of the droplet~ As has
been discussed in section 4al the drying process in a spray-drier
is rather complex and is not easy to catch in a theoretica! model.
However, some insight into the effect of the various process Variables on the volatile loss during the ·drying process can already
be obtained by means of a simplified model in which the· drying droplet is considered to be a rigid sphere and in which transport is
only affected by molecular diffusion. For this simplified model the
exact diffusion equation descrihing the transport of water will be
solved numerically whereby shrinkage effects will be taken into
account. From the results of Chapter 3 it follows that the volatile
loss can be calculated by good approximation frorn the time necessary for the water concentratien at the interface to drop just below the. critica! value at which the drying surface of the droplet
becomes selectively permeable to water onlya The assumed transport
properties in and outside the droplet and the assumed drying conditions will correspond more or less with those in actual spraydrying processes. The assumptions of transport properties are very
similar to those made in the theoretica! calculations of drying
rate and volatile loss of slabs.
4.3.2 Mathematica! model of the drying droplet

Assumptions
- The water sorption isotherm of the drying droplet is given by
C' /C's
w,i w

=

1-exp(-lOC

w,i

/p )
w

(4-6)
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where c' 5 is the saturated water concentration in the gas phase
w

and p is the density of pure wat~r. The temperature dependenee
w
of the saturated water concentratien C's in the gas phase is by
w
good approximation given by
c•s ~ 376650 exp(-5355/T)/T
w

( 4-7)

- The water diffusivity Dw in the droplet, which is here assumed to
be independent of temperature, is given by
(4-8)

where cw is the water concentratien and E , E 2 and E are constants.
1
3
Transport of aroma in the sphere is described with a pseudobinary aroma diffusivity Da. For surface water concentrations
in the droplet above the critical value this diffusivity is independent of temperature and wqter concentration. For surface
water concentrations below the critical value D is taken zero.
a
- For the calculation of aroma loss the sphere is considered to
have a constant radius which is egual to the initial radius of
the sphere R0 • The concentratien of the aroma components at the
interface is taken zero.
- The droplet has an initial linear velocity V0 • The trajectory
of the droplet is only in vertical direction~ The linear velocity
of the drying air is zero. In the calculation of the droplet velocity the droplet radius and the mass of the droplet are taken
constant and equal to the initial values.
The temperature and relatiye humidity of the drying air are
taken constant.
The effect of molecular contractionion mixing water and dissolved
solids is neglected so that the shrinkage of the droplet is proportional to the amount of Water evaporated~
- Density of the dissolved solids is 1 g/cm 3 •
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cal.auZatî.cm of velocity pz>ofiZe of the dropZets
A partiele falling in air under the action of an initia!
vertical velocity V0 and gravity will accelerate or decelerate
until the gravitational force Fg just balances the drag force Fd
which is exerted by the surrounding air and which is caused by
the relative velocity between air and particle. From a force
balance it follows that
(4-9)
where V is the linear velocity with respect to stationary coordinates, p is thè density of the partiele and t the time. The gravitational force is given by
(4-10)
where g is the acceleration due
partiele is given by

t~

gravity. The drag force on the

(4-11)

where Cd is the drag coefficient.- The drag coefficient depends on
the Re number of the drople~. For Re < 500 the relation between Re
and cd is by good approximation given by
cd= 24/Re+1

(4-12)

Substitution of eqs.(4-10)-(4-12) in eq:(4-9) yields
dV
dt

=

2
2
-3V p'/(4pd)-18Vn/(pd )+g

Solution of eq. (4-13) with the initia! condition V
results in

(4-13)

V0 at t.

=0

(4-14)

where
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ll/2

c1 = [324n 21 (p 2d 4 l+3p 'g/ (pd}J

.

(4-15)

.!8n/(pd2)+Cl
3p 1/(2pd)
2
18n/ (pd )-c

c3 = 3p 1 /(2pd)

1

(4-17)

(4-18)

The partiele trajectory SP is given by
t

.

vatl= -c 2t+(c 2;c 1-c 3;c 1

sP = /
.
0

>

(4-19)

CaZauZation of drying rate
Transport equation of

~ater

in the drying dropZet

From the general binary diffusion equation for water, it can be
derived (Chapter 3) that the mass flux of water Nw in the droplet
relative to stationary coordinates is given by

acw

NW = -OW

ar-

(4-20)

where r is the coordinate in the direction of transport.
The water flux N! in the droplet relative to vs, i.e. the linear
velocity of the dissolved solids molecules, is given by

From a mass balance of the water in the sphere fellows
(4-22) '
The initialand boundary conditions of eq.(4-22) are
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cw

=

t:

=

0

(4-23)

=0

t

>

0

.( 4-24)

r = d/2

t

> 0

(4-25)

cwo
r

Nume~ical

aolution of the diffueion equation for water transport

The salution of the diffusion equation for water can only be
numerically. For this purpose the real radial length
co-ordinate in the sphere is transformed into a shrinkage free
radial length co-ordinate according to the methad developed by
Van der Lijn (64). The definitions of the new length CC?-ordinate r•
and the corresponding new water concentratien in the sphere
are given by
obt~ined

c!

r

•

J:••r

2

11-C./Pw)dr
(4-27)

It fellows from eqs.(4-26) and (4-27) that
r

=[~. c:l+C~pw)dr 0 J

l/l

(4-28)

As can be easily derived, substitution of eqs.(4-26) and (4-27)
in eq.(4-22) results in

at

(4-29)

where o•
w is given by
(4-Jor

The initia! and boundary conditions of eq.(4-29) are
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c•w = cwo
•

0 < r• <

•

a.cw

r•

-- = 0

ar•

2
41fr ow

ac•w

- - = Fw

(l+C!fpw)2 ar•

a•0

=0

r• =

a•0

t

0

(4-3~)

t

> 0

(4-32)

t

> 0

(4-33)

For the numerical calculation of the water concentratien
profiles in the sphere and the drying rate the transformed sphere
has to be divided into a number of intervals in the direction of
the transport. The intervals are labelled by the index k where
k = 1 is the interval at the centre of the transformed sphere and
k increases with increasing r•, as is shown in Fig.(4-l8).The dis-

0

0

k-1

k

k+l

m

centre
sphere

c•w,k-1 c•w,k c•w,k+l
I

1
I
I·

I
I
I

1..

Ar:

I
I
4

I

·~· •••

Ark+l

Fig.(4Tl8) Division of the sphere into intervats.
solved solids content of each interval, which is taken constant
during the drying process, ·is tndicated by Ar:. This means that
the thickness of interval k in the transformed co-ordinate system
is given by Är:. The "length" of the first k intervals in the
transformed sphere is indicated by r:. In the calculations the
partial derivatives of the water concentratien in an interval wil!
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be approximated by finite difference equivalents. This procedure
is justifiable for low concentratien differences over the intervals. The strong dependenee of the water diffusivity on water concentration results in a very steep concentratien gradient near
the drying surface. A fast calculation procedure can only he ohtained with a relatively small number of intervals. Consequently,
the thickness of the intervals has to he reduced as the distance
to the evaporating surface become~ smaller. To satisfy this condition the real sphere is divided into intervals according to Fig.
(4-18). The thickness of the interval hordering the centre of the
sphere is taken to he about 20% of the initial sphere radius. Notwithstanding the relatively large thickness of this interval its
amount of water and dissolved solids is rather small compared with
the total amount of water and dissolved solids present in the
sphere. The p intervals hordering on the interval at the centre are
of equal thickness while the thickness of the next q intervals hordering on the surface successively decrease in the direction of the
evaporating surface of the sphere hy a factor a. In this way
p+q+l=m intervals are ohtained and p+q+2 grid points. The interval
division in the transformed co-ordinate system can easily he ohtained hy calculating the amount of solids of each interval in the
real co-ordinate system. The transformed water concentratien at the
houndary of the intervals k.and k-1 (grid point k) at timet is indicated hy c• k t• The transformed water concentratien in grid point
.w, ,
k at time t = t+~t, where ~t is a small time step, is represented

•

hy cw, k , t••
The finite difference representation· of eq. (4-29) used in the
calculation is a Crank-Nicholson scheme which is given hy

k=2, ••• ,m-1

(4-34)

In eq.(4-34) o•
w,k,t is presented hy
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k=O, ••• ,m-1

(4-35)

where
c•
w, k +1 /2 ,t

=

2
<c•
w, k ' t+c•
w, k+1 ' t. )/

k=O, ••• ,m-1

and rk+l/ 2 is the radius (expressed in length units of the original
co-ordinate system) which corresponds with the grid point k+l/2.
Eq.(4-34) can be rewritten as
k=2, ••• ,m-1

(4-37)

k=1, ••• ,m-1

(4-38).

k=2, ••• ,m-1

(4-39)

k=2, ••• ,m-1

(4-40)

where

-B k c•
w ,k+1 ,t

In order to óbtain a stable numerical solutión óf the diffusion
equation,in the finite difference representation of the concentratien gradient in the centra and at the evaporating surface of the
sphere, only concentrations at timet. have to be used. The finite
difference representation of eq.(4-32) is given by

•

c•
w,o,te-c•
w,1,t • = 0

(4-41)

The variatien of the water concentratien with time in grid point
k=1 is given by,
c•
e-c•
w,l,t
w,l,t
At
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=

c•
· •-c•
w,2,t
w,1,t•
20•
w ,l,t Ar (Lir +t.r )
2
1
2

• • •

(4-42)

1

•

Eq. (4-42) can be rewritten as
(4-43)
where
(4-44)
(4-45)
The finite difference representation of eq.(4-33) is given by

o•w,m-l,t

(4-46)

Eq.(4-46) can be written as

c•w m-l ,t•-c•w,m,t
. •

(4-47)

=

1

where Fm is given by
(4-48)
Eqs. (4-37), (4-41) 1 (4-43) and (4-47) ferm a system of m+l
simultaneous linear algebraic equations with m+l unknown concentrations c:,k t• (k=0 1 • • • ,m). Solutions of t~:ts.set of equations
1
can easily be obtained by standard methods. With the scheme given
above and a proper choice of the values of a., p and q the calaulation remains stable for water concentrations down to 2 wt%.
It has to be noted that in the finite difference presentation
of the diffusion equation with the boundary conditions the d~rivates
are centred upon the time level t+6t/2. In principle an analogy to
the non-linear coefficient o• k is required at this time level.
w,
•
Several methods can be used to calculate Dw, k at this level. The
most common meth~ds are iteration processes using values of water
concentratien at time level t or a forward projection to time level
t+6t/2. The disadvantage of these methods is that they are rather
time consuming. However, if the value of
k does notchange very

o:

I
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much during each time step, it is also. permissible to evaluate
o•
w, k at the time level t. The solution of the resulting
. finite
difference equations should be fairly close to the correct values.
This has also been evaluated in the calculations.
Cal-cuLation of vo"Lati"Le Loss
The transport of volatiles in the sphere is given by

(4-49)
where Ca is the volatile concentration. The initial and boundary
cond1t1ons of this equation are
ca = cao

0 < r < R

ca = 0

r

r

aca
"är

0

t

0

(4-50)

= R0

t

> 0

(4-51)

=

t

>

0

(4-52)

0

0

From the solution of eq.(4-49) given by Crank (54) it fellows that
the relative loss of aromas if fully determined by the Fourier
numbe~ of the sphere, definèd as
Fo

= Da t/Ro2

(4-53)

Graphically the relative aromalossis given in relation to Fo inFig.
(A-1}, Appendix(2-2).
The total lossof volatiles from the sphere
during the drying process is now calculated from the Fourier number
at the moment the water concentratien in the sphere at the interface
has attained the critical value. This Fourier number is given by
Fo

= Da t er /R2o

(4-54)

where ter is the time elpased between the beginning of the drying process and the moment the cricital water concentratien at the interface has been attained.
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4. 3. 3

Re·su~ts

and di·scussion

4. 3. 3 .1 ve·loc·it:y' prof·ne·s of the· draplets

Fiq.(4-l9) presents the calculated vertical velocity of a droplet
in dependenee on t/R~. The initia! velocity v0 and the droplet radius
R0 are taken as parameters. In the theoretica! model the loss of
volatiles from the draplets varies only'with the Fourier number.

Fig.(4-19) Variation of
dro~Zet veZocity V ~ith
t/R . The droplet radius
R 0 (~m) and the initial
d~oplet velocity V0 (cm/s)
are taken as parameters.

(cm/s)

R =50
0

10

Because the diffusion coefficient of the volatile component is taken
constant as long as the critica! water concentratien at the surface
of the droplet is not reached, the value of the Fourier number is
directly proportional to the value of t1R~. ·If the Fourier number
and the volatile diffusivity are given this means that the effect
of the deceleration period of the droplet on the volatile loss can be
easily read from the figure. It is remarkable that small draplets
reach their terminal settling velocity at a higher value of t/R~ than
large droplets.
4.3.3.2 Surface water concentratien of the draplets in relation to

time
Fig. (4-20) illustrates the calculated water concentratien in the
draplets at the droplet-air interface in relation to t/R~ for an
initia! droplet velocity of 2500 cm/s. The initia! water concentratien
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=

0.7

cwo =

o.s

cwo

- 1 02
2
t/R0 ·(S/Cm 2j)
Fig.(4-20) Variation of interfaoia'l b)ater oonoentration in the drying
droplet C . "'ith tfR2, The droplet radius R0 (pm) and the initial
"'ater oon~~htration C0 ( g/omZ) in the droplet are taken as parameters.
InitiaZ droplet ve'loc!f.~y is 2600 cm/s. Air temperature is 160°C •. ReLqtive humiditi of the drying air (at 20°CJ is 60%.
:in the droplet and the droplet radius are taken as parameters. It

is obvious that for droplets of equal diameter the drying time,
necessary to reach the critica! surface water concentration, decreases with decreasing initia! water concentration. It is somewhat
surprising that, at equal initial water concentration, large droplets
reach the critica! water concentratien .for a smaller value of t/R~
than smal! droplets.
4.3.3.3 Ratention of water in dependenee on the interfacial
water concentratien
Fig.(4-21) pr~sents the calculated fractional water amount retained in the drying droplet in relation to the water concentration
at the surface of the droplet. The initial droplet velocity is
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2500 cm/s. The initia! water concentratien in the droplet and the
droplet radius are taken as parameters. For equal values of the
interfacial water concentratien and of the initia! water concentratien in the droplet the fractional water loss is higher for dropiets
with smaller diameters. It is also clear from the figure that for
equal values of the interfacial water concentratien and equal droplet diameters the fractional water loss is higher for dropiets with
higher initia! water concentrations.
4.3.3.4 Droplet temperature
Fig.(4-22) shows the calculated droplet temperature in re~ation
to the surface water concentratien in the droplet for an air temperature of 150°C. Down to an interfacial water concentratien of about
3
0.2 g/cm the temperature of the droplet changes only very slightly.
Below that valu~ the droplet temperaturE increases strongly with
decrease in interfacial water concentration.
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Fig.(4-22) Variation of dropZet
temperature T ~ith interfaoiaZ
~ater aonaentration. Air temperature is 150°C, ReZative humidity
of the drying air (at 20°C) is 50%.
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4.3.3.5 Effect of droplet radius and initial water concentration
on volatile retention
Fig.(4-23) shows the calculated effect of droplet radius on
volatile retention for an initial droplet velocity of 2500 cm/s.
The aroma diffusion coefficient and the initial water concentration
are taken aS parameters. In the calculations the critica! interfacial
water concentration in the droplet, i.e. the water concentration,
100 0.5
-------- -----------

Fig. (4-23) Effect of dPopZet radius
R0 on voZatiZe retention for different
initiaZ water aonoentrations C
(g/om 3 ) and aroma diffusivitie~ 0 D •
CritiaaZ ~ater conaentration is a
0.05 g/om 3 • InitiaZ dropZet velocity
·is 2500 cm/s. Air temperature is 150°C.
ReZative humidity of the drying air
(at 20°C) is 50%.
2
6
- - - - - Da = 10- cm /s
5
Da
10- cm 2/s

=

) AR (t)

200
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below which the droplet surface is assurned to be impermeable to
volatiles, is 0.05 g/cm 3 • In general the results presented in the
figure correspond surprisingly wel! with these observed experimentally.
The figure clearly illustrates an increase in volatile retentien
with increasing droplet diameter, decreasing aroma diffusion coefficient and decreasing initia! water concentration. The calculated
volatile retentien for an initia! water concentratien of 0.9 g/cm 3
is somewhat above the experimentally observed values.
As can be easily shown the volatile retentions, calculated for
a critica! water concentratien of 0.10 and 0.025 g/cm3 , differ
only a few per cent from these calculated for a critica! interfacial
water concentratien in the droplet of 0.05 g/cm 3 •
4.3.3.6 Effect of initia! droJZlet velocity on volatile retentien
Fig. (4-24) gives the calculated effect of initia! droplet velocity on volatile retention. The aroma diffusion coefficient and the
droplet diameter are taken as parameters. For low initia! droplet
veloeities the figure illustrates a streng increase in volatile
retentien with increasing droplet velocity. At high values of the
initia! droplet veloeities the increase in volatile retentien with
increasing initia! droplet velocity is only slight. The increase in
volatile retentien with increasing droplet diameter, as already
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shown .in F.ig.(4-23) for an .initial droplet velocity of 2500 cm/s,
is also confirmed for ether values of the .in.it.ial droplet veloc.ity.
It has to be born in m.ind, however, that these calculated results
refer to the condition of rigid spheres without internal pirculation
streams.
For an initial droplet velocity equal to zero the aroma retentien
is independent of droplet radius as has also been shown analytically
by Kerkhof (65).
4.3.3.7 Effect of air temperature on volat.ile retentien
The calcula~ed .increase in volatile retentien w.ith .increasing
drying air temperature .is shown .in F.ig.(4-25) for an .initia! droplet
velocity of 2500 cm/s. Parameters .in this f.igure are the in.it.ial
water concentratien and the volatile d.iffus.ion coefficient. It .is
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Fig. (4-25) Effect of air temperature T on volatile retention for
differ~nt initial water aonaèn'trations C
(g/am3) and aroma
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Initial dropZet velocity is
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not.iceable that an increase in air temperature from 100 to 200°c
results in only a small increase in retention.
4.3.3.8 Effect of water diffusion coefficient on volatile retentien
For different water concentratien dependences of the water
diffusivity the calculated volatile retent.ions of a droplet with
a diameter of 5o m~ and an initia! water concentratien of 0.7 g/cm3
are shown in Table ( 4-l) •
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Table (4-1) Effeat of 'Water qiffueivity on vol-ati"le r.etention.
Air temperature ie 150°C. Critica?- water aonaentration is 0.05 g/am 3 •
Initia?- dropl-et vel-oaity is 2500 am/e. ~vopZ.et radius ie 60 )lm.
Initiat water concentration is 0.? g/cm.
5 2
Dw (l0- cm /s)

AR (%)
Da =l0- 5cm2/s

1.7 exp(-2/(0.30 + Cw/ Pw))
1.7 exp(-2/(0.20 + Cw/ Pw))
1.7 exp(-2/(0.15 + Cw/ Pw))

Da =10- 6cm 2/s.

65
77

80

89
92
93

It follows from the table that notwithstanding the great difference
between the values of the water diffusivities at low water concentrations, the corresponding calculated volatile retentions do not
differ widely.
4.4 General conclusions
(a) Retentien of volatiles in spray drying is independent of the
relative volatility of the volatiles. Retention increases with
an increase in molecular size of the volatile. At lo~ concentrations o' the volatiles the retention appears to be independent
of volatile concentration.
(b)

Retention of volatiles increases with increase in
sizè of the dissolved solids.

me~

molecular

(c) Retention of volatiles strongly increases with increase in dissolved solids concentratien of the feed and increase in viscosity.
A prerequisite, however, is that the viscosity remains low enough
for proper atomization. This means that maximum ratention is obtained for combinations of high feed concentratien and a feed
temperature just high enoug~ to make proper atomization possible.
Therefore low concentratien feeds have to be atomized at a low
feed tempera~ure.

(d) For low air inlet temperatures volatile retention increases with
increasing air inlet temperature up to a ma~imum value, whereas
for high air inlet temperatures the retention decreases with
increasing air inlet temperature.
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(e) If no internal. circulation streams are induced in the droplet,
volatile retentien i.ncreases with an increase in linear initial
droplet velocity.

(f) If no internal circulation streams are induced in the droplet,
volatile retentien increases with increasing mean droplet
diameter.
(g) The observed trends indicate volatile retentions higher than
90% to be feasible provided the process conditions are fully
optimised.
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CHAPTER 5
VOLATILE RETENTION IN FREEZE-DRYING
5.1 Introduetion
Speaific featu:t>es

Freeze-drying is the simult~eous removal of ice from a frozen
product by sublimation and the removal of water from the concentrated
semi-liquid or semi-solid phase separating the ice crystals by evaporation. As a result of the low drying temperature the driving forces
for mass transport in freeze-drying are smal!. The process is therefore mostly carried out under vacuum to ensure a low resistance to
water vapour transport.
Freeze-drying finds it largest application in food dehydration
but is also used in the preparation of pharmaceuticals and bio.logical
substances. Compared with other drying methods, freeze-drying is a
rather expensive technique owing to the relatively high investment
costs and the low temperature at which the heat of condensation of
the water vapour has to be removed.
Freeze-drying generally gives products having a quality superior
to those dehydrated by other methods. Because of the low processing
temperature, thermal degradàtive reactions, such as Maillard reactions,
protein denaturation and also enzymatic reactions are excluded. The
freeze-dried product shows a structural rigidity which prevents collapse. The porous structure has a large specific surface area which
gives the product excellent rehydration properties. The product
maintains its initia! shape and dimensions and little shrinkage will
occur during the drying process. Also the ratention of aromas can
be quite high. The aroma retention strongly depends on process conditions during freezing and drying. Little experimental and theoretica! work in this respect has been done.

.

St:t>ucture of f:t>oaen and

freeae~dried

aqueous soZutions

Vit:t>ification temperature

Upon freezing aqueous solutions part of the water segregates in
the form of pure ice crystals leaving a highly concentrated solution •
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The water concentrati.on i.n thls soluti.on, called matl;'ix phase
or matrix, decreases wi.th decreasi.ng temperature down to a
criti.cal value, the glaaa point or vitPification point.
Above the vitrification point, the temperature of the fro~en
product is equal to the freezing point of the liquid phàse at
phase equilibrium. For aqueous malto-dextrin (MD20 1 ) salution
the equilibrium freezing point in dependenee on the dissolved
solids concentratien is shown in Fig.(2-4) (Chapter 2). The figure illustrates that at the prevalling freeze-drying temperatures
between -20 and -30°C the water concentratien of the salution is
relatively small. This means that for dissolved solids concentratien below about 30 wt% the greater part of the water in the
frezen material is present in the ice phase. Below the vitrification point the diffusivities of the water and solute molecules become so low that a further decrease in temperature does
not result in a further reduction in water concentratien of the
matrix phase. The molecules are i.mmobilised and are kept in the
amorphous or vitreous state.
The vitrification point is slightly dependent on the rate of
freezing, being lower for low freezing rates. Upon rapid freezing,
the water molecules do not get enough time to attain phase equilibrium befere they pass into the region of complete vitrification.
Collapse tempe!'atu!'e

If a liquid layer is cocled from one side, the ice crystals
grow more or less perpendicular to the cocled surface. In drying,
these ice crystals leave open pores through which water vapeur
flows from the sublimatien front to the surface of the drying
materiaL If the temperature of the matrix becomes too high, the
viscosity of the matrix becomes so low that the walls round the
already open pores start to collapse. Collapsing bleeks the ~pen
connections between the subli.mation front and the surrounding
vacuum. This results in a very streng decrease in drying rate.
The minimum temperature at which collapse is possible is defined
as co llapse temp·e1'atul'e.
The collapse temperature depends on the properties of the
dissolved solids molecules, the initia! dissolved solids concentration, and the freezing rate. In cooling highly concentrated
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aoluti.ons the vi.scosi.ty of the system i.ncreases so sharply that the
soluti9n can easily get supercooled. Supercocled solutions are not
in equilibrium with the ice phase at the prevailing temperature
and contain more water than corresponds with the equilibrium amount.
at that temperature. It is therefore clear that supercooling decreases the collapse temperature of the frozen system. The resistivity against collapse at a temperature above the critical collapse
temperature is greatly improved if the mean thickness of the walls
of the matrix is decreased. The thickness decreasas with a decrease
in the diameter of the ice crystals and an increase in the volume
fraction of ice. The collapse temperature can also shift to a higher
value by applying freeze-drying conditions, which result in rapid
water loss of the matrix.
Mean diameter and geometry of the iae arystaZs

The mean dlameter and geometry of the ice crystals in a slab
frozen from one side depends on freezing rate, initial .dissolved
solids concentration, and properties of the dissolved components.
At constant initia! dissolved solids concentration an increase in
freezing rate results in a decrease in the diameter of the ièe
crystals (66~68) and therefore also in a decrease in the thickness of
the walls separating the ice crystals. For low initia! dissolved
solids concentrations and constant freezing rate an increase in
initia! dissolved sol~ds concentratien generally results in a decrease in the diameter of the ice crystals (66~67~69,70). At
high initial dissolved solids concentratien the mean diameter
of the ice crystals beoomes more or less independent of the
initial dissolved solids concentration.
The geometry of the ice crystals can vary between a straight cylindrical structure to a more tortuous cellular type structu:r:e (71-74) •i
Neither is the diameter of the ice crystals of a non-cellular type
structure always uniform throughout their total length. nepending
on the properties of the material that is frozen and the freezing
rate, a surface, layer can be formed in which the dissolved solids
concentratien is.higher than the mean dissolved solids concentratien
of the frozen slab while the diameter of the ice crystals is smaller
there (67.75).
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Loaation of volatile aomponents

From the observed aroma retentions after drying it is obvious
that during the freezing process the. greater part of the volatile
components is concentrated in the liquid matrix• For high freezing
rates it can be expected that part of the volatile components can
be also encapsulated in the ice phase. Especially the smaller volatile molecules do not disturb the crystal structure very much and
can therefore be easily built in.
F!>·eez.e-drying proaess of slaba
Physiaal desaription of the drying proaess

In drying slabs of aqueous solutions frozen from one side,
a more or less diffuse boundary is formed between a region which
is completely frozen and a region in which the ice crystals have
already been completely sublimated. The latter has a honeycomb-like
porous structure with a porosity almost equal to the volume fraction
of the ice in the frozen slab. The open pores in this region show
a more or less cylindrical shape and are separated from each other
by thin walls consisting of the partially dried matrix. The boundary between the frozen and the dried part, mostly indicated as ice
front or sublimatien front, retreats inwards as the freeze-drying
process progresses.
At.the ice front the ice crystals sublimate. The water vapour can
be transported from the ice front towards the surrounding vacuum by
molecular diffusion, hydrodynamic flow, Knudsen diffusion (free molecular diffusion), or by a combination of two or more of these fundamental mechanisms.Which mechanism in an actual drying process
prevails depends on the pressure in the pores and their diameter.
The resistance to vapour transport through the already porous layer
is directly proportional to the length of the pores and the pore
tortuosity. The driving force for the vapour transport through the
dry layer is the difference between the equilibrium water vapour
pressure at the ice front and the water vapour pressure outside the
layer. With the exception of the-initial drying period, the resistance to mass transfer in the gas phase at the surface of a freezedrying slab can mostly be neglected with respect to the resistance
to mass transfer of the already dried part inside the slab.
I
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In actual freeze-drying proceases the amount of water present
in the matrix is generally small oempared with that present in the
ice phase. Water in the matrix above the ice front is transported
to the open pores by molecular diffusion. In the pores the water
vapeur is further transported to the surface of the slab by ene
of the three transport mechanisms mentioned. As has already been
noted for carbohydrate solutions, the diffusivity of the water in
the matrix strongly decreases with decreasing water concentratien
and decreasing temperature. The rate at which the matrix above the
ice front dries depends, apart from the d~ffusivity,· also on the
thickness of the walls separating the pores and the water concentratien in the pores.
The sharpness of the sublimatien front depends on several factors.
A sharp front is obtained if the pores are all identical and are
arranged in a regular pattern, and if the diffusion rate of water
from the matrix to the pores is high oempared with the rate at
which the ice in the pores retreats. A more diffuse front can be
expected if the pores are net of the same size and same tortuosity
or if the pores are distributed irregularly. A diffuse front can
also be expected for systems in which the pore walls are relatively
thick. Several authors have presented a mathematica! model of the
retreating sharp ice front during the freeze-drying process of a
slab frezen from ene side. T~is model, generally called the U.R.I.F.
(Uniform Retreating Ice Front) model (76-82), is essentially based
on the sublimatien of ice out of pores. Using the fundamental equations governi~g the mass and heat transport to the sublimatien
front, the rate of loss of the greater pprt of the water initially
present inthefrezen slab can be calculated accurately. The U.R.I.F.
model also seems to be a goed model for the description of a freezedrying system with a more diffuse ice front (81). As already mentioned, the loss of water from thenatrix is mainly governed by the
water diffusivity in the matrix. Because the water diffusivity in
the matrix is mostly relatively small, this means that the drying
time necessary for complete drying of the slab can exceed substantially the drying time calculated by the U.R.I.F.model.
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Heat supply to the iae front of th..e drying slab
The heat of

sublLmat~on

can be supplied to the

~ce

necessary for water vapour
front by

non-porous part of the slab, by
dr~ed

part of the slab, or by

conduct~v~ty

conduct~on

conduct~on

conduct~on

generat~on

through the frozen

through the already

from bath

of the frozen part of the slab

~s

h~gh

s~des.

The heat

compared with

that of the dry porous part. For low vapour pressures the heat conductivity of the dry porous part strongly

decreas~s

to a constant

value with decrease in pressure. Furthermore, the heat conductivity
of the porous part is influenced by the porosity. The heat conductivity of the frozen part is about equal to that of ice.
An advantage of heat supply by conduction through the frozen

part is the high ice front temperature and consequently high drying
rates which can be obtained without any thermal degradation of the
already dried part of the slab. At prevailing freeze-drying rates
the temperature difference across the frozen part is only a few
degrees centrigade. This means that the ice front temperature can
be kept almast equal to the collapse temperature. In fact, except
at the

beginn~ng,

the drying rate is then mainly rnass-transfer con-

trolled by the porous part of the drying slab. In the case of heat
supply through the already dry part the maximum admissible temperature of the dried product is mostly the rate cantrolling factor in
the drying process.

VoZatile retention in freeze-drying
The first experiments with model solutions were reported by
Rey and Bastien

(2) • They found that in freeze-drying aqueous

solutions of Earle's balanced salt and glucose, containing 0.15 wt%
of acetone, the retention of acetone i'ncreased from

5~,

at an initial

dissolved solids concentratien of 5 wt%, to 45% at an initial dissolved solids concentratioh of 25 wt%. Above a glucose concentratien
of 25 wt% no further increase in retention was obtained. There was
no additional loss of volatiles from the dried sample, although the
sample had been.evacuated for 30 hours at an absolute p:r;essure of
0.001 mm Hg. The favourable effect of the solid material on the volatile retentien was also demonstrated by Kallistratos and von
Sengbusch ( 8 3) •
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Saravacos and Moyer. (3) studi.ed the retentien of the model
aroma components ethyl .acetate, ethyl butyrate, methyl anthranilate
and acetic acid during freeze-drying slabs of various food gels,
such as pectin, starch, and gelatin. In their experiment~ the initia!
dissolved solids concentratien was 10 wt%. In genera!, it was observed that the more volatile the aroma component was the smaller
the retentien in the freeze~dried material appeared to be. The
rate of loss' of the volatile components during the sublimatien process decreased with progress of drying. The losses of the aroma
components during the freeze-drying of solutions of aromas in pure
water showed a similar trend except that the rate of the volatile
loss by sublimatien of solutions of aromas in pure water was somewhat higher than in freeze-drying aqueous solutions of food gels.
It is remarkable that in freeze-drying of the aqueous solutions
as wellas in freeze-drying of solutions of aromas in pure water,
at the beginning of the drying process the fractional aroma loss
was higher than the fractional water loss. It was further found by
Saravacos and Moyer that the final retentien decreased with an increase in temperature of the drying slab. Improved aroma retentien
was also observed if glucose or sucrose were added to the gels. In
drying granules of gels it was shown that the ratention reduced
with a decrease in diameter of the granules.
Chandrasekaran and King { 4 ) have reported for the drying of
apple juices in a partially frezen state- "slush drying" -,
.
0
corresponding to a temperature of about -16 c, an increase in the
aroma retentien with. increasing initia! degrees óf concentrations
of the juice. Oppas i te to the results of Saravacos and Moyer ( 3) '•
it was found by Chandrasekaran and King that the ratention of the
different aroma components was indepenqent of their relativa volatility.
An important contribution to the·study of volatile ratention in
freeze-drying has bèen given by Flink (5) 1 and Flink and Karel
(6 ~ '1 84-88-) 1: Freeze-diying experiments with slabs of carbohydrate
solutions containing n-alcohols showed a strong relationship between the nature'of the carbohydrate and the carbon chairi length
of the volatile molecule. For glucose and maltose the retentien of
the lower n-alcohols increased with increase in carbon chain length:
$

but the ratention of the higher

n~alcohols

decreased with carbon
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chain length. The maximum retenti.on i.n .maltose was reached for
n-propanol as volatile component, whi.le. glucose showed maximum
retentien for ethanol. Up to n-heptanol dextran-10 showed a continued increase in volatile retehtion with increasing carbon
chain length. In his freeze-drying experiments with maltose,
glucose and dextran-10 1 Flink further showed that there was no
additional loss of volatiles in reducing the final moisture content of the slab below 20 wt%. Experiments in which the initia!
dissolved solids concentratien was kept constant demonstrated
that for low volatile concentrations 1 up_to a few per cent based
on dissolved solids concentratien the (relative) final retentien
was independent of the initia! concentratien while for high initia!
concentrations the (relative) final retentien decreased with an
increase in initia! volatile concentration. In freeze-drying slabs
of aqueous maltose solutions with n-propanol as volatile component,
it was found that the ratention in each part of the slab was nearly
identical. An increase in freezing time from half a minute to a
few hours 1 resulted for the system maltose as dissolved solids
and n-propanol as the volatile component in an increase in volatile
retentien from 70 to 87%. Seraping of the upper part of the frozen
slab before drying did not have any effect on retention. A higher
drying temperature of the sample showed for glucose as dissolved
solids components and n-proP.anol as the volatile a decrease in
volati·le re tention. For maltose 1 however 1 a decrease in volatile
ratention was found with a decrease in drying temperature. Dextran-10
·showed a temperature at which the ratention was maximum. Flink also
found that the retentien of volatiles decreased with increasing slab
thickness.
Sauvageot et al. {8) studied the retention of. aroma components
in freeze-dryi.ng slabs of orange juice and raspberry juice with
10 and 20 wt% initia! dissolved solids. Contrary to the results
observed by other authors they found that the ratention appeared
to he only slightly dependent on the initia! dissolved solids concentration. For some volatile oomponents, like the lower n-alcohols,
the ratention decreased while for the higher alcohols the retentien
increased with increase in solids concentration. Further, they
found that the freezing rate had a decided effect on the final
retention. At a high freezing rate they observed a much lower re-
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tentLon than at a low fr.eezLng rate. The exper.iments also showed
a decr.ease Ln volatLle retentLon with an Lncrease in slab thickness.
Contrary to the results of Saravacos and Moyer (J) they observed
that Ln freeze--drying a 10 wt% dissolved solids salution with
alcohols as volatile components the rate of volatile loss was almost proportional to the rate of water loss from the drying layer.
Voilley et al.(B7) measured the effect of process parameters on
the retentien of n-alcohols (ethanol, n-propanol and n-pentanol)
in freeze-drying 10 wt% solutions of a mixture composed of carbohydrates, citric acid, calcium chloride, pectines and egg white.
The retentien increased sharply with a decrease in freezing rate
and an increase in carbon chain length of the volatile molecule.
Unlike the results of Flink and Karel ( 7), it was found that
at constant initia! dissolved solids concentratien the (relative)
retentien of the different n-alcohols increased in the concentratien
range 10 p.p.m., 100 p.p.m., 1000 p.p.m.
Fritsch et al. (10) studied the effect of some process variables on
the retentien during freeze-drying slabs of water, glucose solutions
and starch solutions. Pyridine, vanillin and acetophenen were used
as aroma components. Of these components pyridine and acetophenen
have at.-20°c a higher volatility than water, while vanillin exhibita
a much lower volatility than water. The results obtained in freezedrying water with these vol~tile components demonstrated that during
the drying process the fractional loss of pyridine and acetophenen
was always higher than the fractional loss of ice, while the fractional loss of vanillin is about equal to or below the fractional
water loss. In freeze-drying aqueous g~ucose solutions the final
retentien of pyridine increased with an increase in initia! glucose
content and with a decrease in freezing rate. The loss of pyridine
during the freeze-drying process was proportional to the loss of
water. In freeze-drying starch solutions also the sameeffects of
process and system variables on volatile retentien were observed.
Feberwee (BB) confirmed the favourable effect of the dissolved
solids concentrations on the retentien in freeze-drying slabs and
granules of malto-dextrin solutions with acetone as volatile component. For freeze-drying granules the retentien was found to incr.ease with decrease in pressure and increase· in partiele diameter.
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· Sorption of vol.atil.es
Rey and Bastien (2~ were the first to. try·to obtain ~nsight
into the anomalous behaviour of volatiles in freeze-drying. They
assumed a re-adsorption of the1 volatiles on active
sites in the
.
dry layer to be responsible for the relatively high volatile
retehtion. However, this adsorption theory is in contradietien
with the observed adsorptie~ isotherms of organic compounds at
freeze-dried substances such as reported by Issenberg et al. (910).
These adsorption experiments clearly show that the amount of
volatile which can be absorbed at vapeur pressures comparable
with actual pressures in, freeze-drying equipments is extremely
small. Flink and Karel (85) , also performed. various adsorption
experiments of volatiles on freeze-dried materials. They showed
that the rate of loss of purely adsorbed volatiles is very much
greater than that of volatiles added to the solution befere freezedrying.
)

Sel.ective diffusivity
Thijssen and Rulkens(1,68)explained the volatile retentien in
freeze-drying by the selective diffusivity of water at low water
concentrations. In their analysis of volatile loss dur~ng the
freeze-drying process the assumption is made that the volatiles
are all concentrated in the matrix phase. The distribution of the
volatiles in this phase·is assumed to be homogeneous. The loss of
aroma components during drying is treated as a pure diffusion process. As has already been mentioned, for aqueous carbohydrate
solutions the diffusivities of water and of volatiles, the latter
being present in the p.p.m. concentratien range, strongly decrease
with decreasing water concentrations. In the low concentratien
range the decrease in the diffusion coefficient of the volatiles
is much greater than that of water. The water and the volatile
components in the matrix have the opportunity to diffuse out of
the matrix intö.the open pores after retreat of the ice front •. At
some distance from the ice front the water concentration in the
matrix of the already partially dried part of the slab becomes so
low that the volatiles still present there will be completely
immobilised.
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Osing the diffusion theory most of the res11lts foup.d in the
literature can be explained. The volatile retentien will increase
with increasing thickness of the matrix walls from which the volatiles may escape by diffusion. From the theory it can also be
•
derived that at constant ice front temperature the retentien increases with increasing drying rate.
Miaro-regions
Flink and Karel (84-88)' postulated that at sufficiently
low water concentrations and low temperatures volatile components
can be entrapped in micro-regions. In such regions they assumed
the dissolved solids, such as carbohydrates, to be strongly oriented.
The strong hydragen bounded amorphous structure can result in complete immobilisation of the entrapped aromas. The possibility of
the hydragen bounded structure of capturing volatiles decreases
with an increase in moisture content and an increase in temperature.
As long as the micro-region during the freeze-drying process is
in the frozen part of the drying system, the entrapped volatile
components cannot escape. With the passage of the ice front it is
assumed that volatiles can be lost from the micro-regions, because
of an increase in temperature. However, the increase in temperature
above the sublimatien front is accompanied with a decrease in water
concentration. If the moisture content has beoome sufficiently low,
the loss of volatiles from micro-regions is completely inhibited.
Flink and Karel further ass\lllled that between the micro-regions the
matrix phase is relatively permeable for volatile components. During
the freeze-drying process some rearrangement of the micro-regions
may occur.
Conditions of freezing and drying are assumed to be important
in the formation of micro structures. Slow freezing rates will
result in the formation of stronger hydragen bounded regions with
a lower permeability to volatiles. At a higher ice front temperature
the rate at which wauer is removed from the drying matrix increases.
This effect so favourable to volatile retentien is counterbalanced
by the decrease'in the strengthof the micro-regions with increasing
temperature. Which effect dominates depends on the process variable,s
and the properties of the volatile and dissolved solids components.
At high freeze-drying temperatures the matrix above the ice front
may collapse. Flink·and Karel found that collapsing results in an
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appreciable loss of volatiles.
From their freeze.,-drying experiments, Flink and Karel coricluded ·
that mono- and disaccharides can farm more easily a volatile entrapping micro-region than polysaccharides. Pulveriaation of the
freeze-dried cake and evacuation of the fine powder did nat result
in any additional loss of volatiles. This confirms the assumption
that micro structures are very small and have dimensions camparabie
with the size of the carbohydrate molecules.
In rehumidification experiments with air of constant temperature
and constant relative humidity freeze-dried cakes of the carbohydrate maltose and dextran-10 containing n-propanol showed loss of
only part of the volatiles. The rate of loss during the humidification decreased with time until a constant retentien level was
obtained. The final retentien after equilibrating the dry cake with
the humid air depended on temperature and humidity. It decreased
with an increase in temperature and an increase in relative humidity
of thé air. The loss of volatiles from the cake was always accompanied with moisture adsorption and a visible change to,a less crispy,
amorphous structure. In humidifying freeze-dried lactose salution
with ri-propanol as volatile component the volatile content did nat
change in the low moisture content range. However, after reaching
a certain critica! moisture content, recrystallisation of the cake
occurred. The recrystallisation process, ~hich requires extensive
rearrangements of the carbohydrate molecules, resulted in total loss
of volatiles. The results of the humidification experiments showed
that loss of volatiles from the dried cake is nat only governed by
molecular diffusion but also by disruptions of micro~regions.
The differenae between the seZeative diffusivity aonaept and the
miaro-region aonaept

Bath the selective diffusivity theory and the theory of micro
encapsulation can be used toexplain the effect of most process
variables on volatile retentien in freeze-drying. To a_certain
extent bath proposed mechanisms for volatile retentien seem to be
similar. There are, however, some discrepancies. The selective diffusivity concept will predict the loss of volatiles from a freezedrying system quantitatively if the diffusivities of the volatile
components and of water in the matrix phase of the drying materials
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and the drying conditions are known. However, aroma losses in
the experiments of Flink and Karel in which they rehumidified
freeze-dried carbohydrates containing some 2-propanol can only be
explained by the micro encapsulating concept. The theory of the
micro-regions explains the retention of aroma components encapsulated
in micro-structures. This fraction of the aromas initially present
in the material is not necessarily related only to the water content
and the temperature during drying but depends also on the entire processing history during freezing. It is clear that, if process conditions are changed, the rate at which the moisture content and,
consequently, the number of micro-regions which encapsulate volatiles change, is governed by the water diffusivity in the matrix.
Furthermore, it is evident that aromas, escaped from micro-regions
can only get lost from the matrix during the freeze-drying process
if they diffuse to the open pores. This means that the aroma diffusivity in the matrix phase between the micro-regions also governs
aroma loss. The experimental evidence of both the selective diffusivity concept and the micro encapsulating concept leaves room only
for a concept which should incorporate both.
Effeat of loaation of volatiles on aroma loss during freeze-drying

As has already been mentioned, the fraction of aromas present
in the pure ice phase is mostly very small compared with the fraction
present in the matrix phase. Volatile components entrapped in the
ice phase are of course all lost during the freeze-drying process.
The loss of aromas present in the matrix is not only governed
by the diffusivity in the matrix but al~o by the mean distance the
molecules have to diffuse to reach the open pores. The latter depends on the concentratien distribution of the volatiles in the
matrix after the freezing process. The transport of water and dissolved solids molecules and volatiles in the matrix between the
ice crystals during the freezing process can be considered as binary
diffusion with respect to the transport of water and the dissolved
solids molecules and as ternar~ diffusion with respect to the transport of volatiles. Water diffuses in the direction of the ice-liquid
interface while the dissolved solids component diffuses in the
opposite direction. Assuming the ice phase is essentially pure, the
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interface between ~ce phase and concentrated liqu~d àcts as a
barrier permeable to water only. Dur~g the freezing process this
barrier moves through the concentrated liquid and may cause a
higher concentratien of volatiles at the interface than.ia the
bulk of the liquid phase. With progress of the freezing process
the dissolved solids concentratien in the l~quid phase increases
and, consequently, the diffusivities of the volatile components
decrease. At the end of the freezing process the diffusivities
are so low that the non-uniform concentratien profile of the volatiles in the matrix equalises only very slowly.
The transport mechanism of the volatiles in the matrix is somewhat complicated ~f dur~ng the freezing process the solub~l~ty of
the volat~le components ~s exceeded as a consequence of the concentration process of the matrix. Then part of the volat~le molecules tends to segregate by formation of small liqu~d droplets.
This effect is the strenger the lower the v~scosity of the liquid.
For high ·viscous systems, formation of dropiets is not very probable
because the diffusivities in such systems are so low that it is
difficult for volatile molecules to interact with each other. It
can be expected that the dropiets will be mainly formed at the
ice-liquid interface. During the freeze-drying process droplets
can be retained in the dried product. This effect was recently observed by Flink and Hansen (89) in freeze-drying malto-dextr~n solutions, conta~n~ng relatively large amounts of organic volatiles.
Tllese experiments showed that indeed droplet formation greatly depends on the solubility of the volatile component.
ObJective of this study

As has already been mentioned, the'quantitative data concerning
volatile retentien in freeze-drying are rather scarce. Most ~ork
has been done by Flink and Karel and Thijssen and Rulkens. However,
the work of Fl~nk and Karel is for a substantial part concerned with
the retentien of volatiles ~ dry~ng carbohydrate systems with
relatively high,volatile concentrations. The freeze-drying behaviour
and volatile retentien of systems containing high volatile COncentratiens can be expected to be quite different from systems with
low volatile concentrations. So far, the influence of process vari-

150

ables on volati.le retentien h.as been only i.nvesti.gat~d thoroughly
for a small number of vari.ables. Allnast all results reported in
the literature are concerned with the drying of slabs.
The aim of this part of the study is to extend the experi.mental ·
work done on volatile retentien in freeze-drying slabs and layers
of granules under well-defined and known conditions. A theoretica!
model for the freeze-drying process and the volatile loss during
the process will be given. The freeze-drying model is based on the
U.R.I.F.model, while the model of volatile loss rests upon both
the theory of Thijssen and Rulkens and that of Flink and Karel.

.

5.2 Experimental
5.2.1 Sample preparatien
In the experiments, malto-dextrin (MD20 1 ) and glucose were used
as solids. The composition of the dissolved solids in the drying
samples was vari.ed by changing the rati.o of the malto-dextrin and
the glucose content. Acetone (c 14 ) and mixtures of methanol,
n-propanol and n-pentanol were used as aroma components.
Preparation of model solutions

The model solutions were prepared in a stop-cock battle by
dissolving the desired amount of the carbohydrates in water at
room temperature. To this salution the volatile components were
added in a concentratien which was 0.1 wt% of each aroma component
on dissolved solids.basis. In a few experiments other aroma concentrations were also used.
Freesing apparatus and [reesing procedure

Two freezing procedures were used indicated as freezing procedure I
and freezing procedure II.
rn treezing procedure I a cylindrical capper vessel with an in,
ternal diameter of 9 cm and a height of 5 cm was used as sample
holder. After f~lling with 60 cm3 of the model salution at room temperature, the sample holder was partially immersed in a methanol
0
.
bath of -45 C. During the freezing process the temperature of the
sample was measured by means of a capper constantan thermocouple
positioned i~ the freezing slab at the slab surface. From the tem151

perature-time record the moment of comp1ete freezing of the slab
was obtained. The freezing rate, defined as the mean linear velocity
at which the ice crystals grow, was calculated from the time, elapsed
between the moment of immersion and the moment at which the slab
was completely frezen, and the total thickness of the slab. The
thickness of the slab after freezing according to procedure I was
always 0.43 cm. Different freezing rates were obtained by more or
less insulation of the sample holder befere immersion in the cold
methanol bath.
Freezing procedure I was only used in the experiments in which
the effect of the freezing rate on the drying rate and the mean
pore diameter of the dried product was investigated. Using freezing
procedure I it was not possible to prevent undercooling effects in
the freezing slab. Undercooling is attended with irregular growth
of the ice crystals and thus causes a non-uniform direction of the
ice crystal growth. This disadvantage was fully avoided in the other
procedure.
In f~eezing p~oaedu~e I I the solutions were frozen in a cylindrical sample holder having a perspex wall and a capper bottom.
The inner diameter of the cylinder was 11 cm (for drying in drier I)
or 9.5 cm (for drying in drier II), and the depth 2 cm (for drying
slabs) or 3 cm (for drying granules). In the bottem of the sample
holder concentric rings o•. 03 cm deep and 0.04 cm wide were grooved
in order to prevent the frezen slab separating from the bottem
during the drying process. For measuring the sample temperature
during freezing and drying copper-constantan thermocouples positioned
at different levels above the bottem w~e used. The freezing procedure was started by placing the empty sample holder on an internally
refrigerated copper plate with a flat surface. In this way, using
contact cooling, the temperature of the bottem of the sample holder
was lowered somewhat below the incipient freezing temperature of
the sample solution. During cooling, some water vapeur condensed
in the ferm of frost. Thereupon the sample solution, precaoled to
a temperature just abOve its incipient freezing point, was carefully
poured into the helder. The tiny frost crystals served as nuclei
for the crystallisation of the water in the solution. The temperature
of the copper plate was thereupon decreaeed linearly with time.
Immediately upon pouring the salution into the sample helder, 10 cm3
or 20cm 3 were removed for analysis of the initia! aroma concentration.
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To prevent aroroaloss d.uring freezing, the .sample holder was
closed gas tight. The rate of freezing was deterlnined by measuring
the velocity of penetration of the ice crystals by means of a
cathetometer. It was observed that the velocity of penetration of
the ice crystals was almost independent of the position of the ice
front. The freezing rate was adjusted by varying the rate of cooling
of the copper plate. Free~ing rates of 0.00017, 0.00067, and 0.0027
cm/s were obtained from a linear decrease in the temperature of the
copper plate of 0.004, 0.015, and 0.06 °C/s respectively. The frozen
slabs with a thickness of 0.7 cm were used directly for freezedrying experiments or for the preparation of frozen.granules.
ScPaping of the stabs

In some drying experiments with frozen slabs the surface of the
slab was removed over a thickness of about 0.03 cm with a seraping
knife to assure a uniform structure over the total thickness of the
slab. To keep the sample cool during scraping, some liquid nitrogen
was applied. As will be shown in section 5.2.4 it was found that
seraping of slabs of frozen aqueous malto-dextrin solutions had
only a very slight influence on drying rate and volatile loss. However, in drying slabs with mixtures of malto-dextrin and glucose
as dissolved solids, seraping of the surface layer of the slab resulted in an appreciable incr~ase in drying rate and volatile re~
tentiori.
PPepaPation of [Pozen gPanutes

Frozen granules were prepared in a similar way as treated in
Chapter 2.
5.2.2 Drying apparatus and procedure
DPyinq appaPatus

.

Two types of laboratory freeze-driers were used for the freezedrying experiments, indicated as drier I and drier II.
DPieP I, which is diagrammatically shown in Fig.(5-1), consisted
of two horizontal cylindrical vessels, qne on top of the other and
connected with each other by means of a tube. The diameter of each
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Mettler
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to vacuum
pump

radiation
plate

air

Fig •. (S-1) Freeze-drying apparatus I.
vessel was 60 cm and the depth 70 cm. At the front the cylindrical
vessels were closed by covers provided with "O"rings. The sample
holder in the lower cylinder was connected to a precision Mettler
balance.in the upper cylinder by a wire. During .the freeze-drying
process the weight loss of the sample was recorded automatically
by means of a photo-electric cell, fitted just above the lighted
scale of the balance. The dark gram-indication lines on the scale
servedas signals to the photo-electric cell. The energy necessary
for the sublimatien of ice was supplied to the drying sample-by an
electrica.lly heated radiation plate, placed_S cm beneath the sample
bolder. Between sample holder and radiation plate a screen was
fixed in order to prevent heating of the cylindrical wall of the
sample bolder. 'li'he energy input to the electric heater was controlled
automatically in such a way that the temperature of the bottam of
the drying sample was kept constant within 0.3°C during the drying
process. The upper part of the lower cylinder was provided with a
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condeneer consisting of copper pi.pes 1 cm in diameter. The condeneer was cooled with methanol supplied by a. refri.gerator.
During the drying process the temperature of the condeneer was
kept constant at -42°c. By adjusting the air flow to the drying
•
chamber by means of an automatically operating needle valve, the
total chamber pressure was kept constant within 0.01 mm Hg.
Driel' II, diagrammatically shown in Fig.(S-2), consistedof
a liquid nitrogen condeneer at which a cylindrical perspex drying
chamber with a diameter of 15 cm and a height of 30 cm was
attached. The sample holder was placed on a perspex ring connected
vacuum pump
condensor
valve
radiation·
plate
sample
holder
sample
holder
heat supply
via dry part

heat supply
via frozen part

~----------------~--N

Fig.(S-2) Freeze-dl'ying apparatus II.
to the wall of the cylinder. The electrio radiation heater was
placed at 4 cm above or beneath the sample holder. Just as in
freeze drier I, a radiation screen was fixed between the sample
holder and the electrio heater. The energy input to the electrio
heater was controlled automatically in such a way that the bottorn
temperature of the sample was kept constant within 0.3öC. Thetotal pressure in the drier (chamber pressure) was kept constant
by supplying air via a handcontrolled needle valve.
The sample,holder with the frozen slab was cooled toabout
0
.
-80 C by liquid nitrogen and thereupon placed in the freezedrier. One of the twd copper-constantan thermo-couples in the
slab on the bottorn was used for temperature centrolling during
the drying process, the other was connected ~o a temperature
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recorder. The temperature of the surface of the slab was
recorded by means of a t.hermo-couple placed just in the slab at
the surface.
In the experiments with the granules the empty sample holder
was precocled to a temperature of about -80°C an thereupon filled
·o
with granules of -196 c. The temperature of the bottorn was controlled during the drying proèess by means of a copper constantan
thermo-couple inserted in a cylindrical hole in the copper bottorn
parallel to the surface of the bottom. Another thermo-couple in
the bottorn was used for recording the bottorn temperature. The
surface temperature of the layer was measured by a thermo-couple
positioned 2 cm above the layer surface and protected by a screen
against radiation heat of the wal! of the drier.
In freeze-drier I as well as in freeze-drier II heat was supplied
to the sample after the desired total vapour pressure in the drier
had been adjusted. The end of the drying process of a slab or a
layer of granules in freeze-drier I was observed from the rate of
the weight loss of the sample, which diminished to zero, and also
from the total weight loss of the sample. In freeze-drier II the
end of the drying process of a slab was somewhat arbitrarily taken
as the moment at which the temperature of the bottorn could not be
kept constant further by the temperature controller, and started
to deviate from the set v~lue. In the experiments with layers of
granules the temperature of the bottorn of the layer was always
kept at a higher constant value than the ambient temperature.
After all water had been removed from the drying layer, a constant
amount of energy input remained necessaFY to maintain the temperature of the bottorn at the desired level. Therefore, in freezedrier II the end of the drying process of a layer of granules was
determined from the energy input-time curve.
5.2.3 Analytica! methods
The final moisture content of the freeze-dried sample was
measured by determining the we1ght loss during drying successively
for 24 hours at 80°C above silicagel in an atmospheric oven and
drying for 3 hours in a vacuum oven at 105°C over P 2 o • It was ob5
served that longer drying in this condition did not result in
further weight loss.
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For the determination of the concentratien of the volatiles
in the sample solution taken just befere freezing and in the
freeze-dried sample the reader is referred to Appendix (2-1) and
Appendix (2-3).
5.2.4 Results and discussion of the experiments with slabs
5.2.4.1 Drying curves
A typical drying curve obtained in drier I is presented in
Fig. (5-3). The variatien with time of the temperature of the
bottorn and that of the top of the drying slab is shown together
with loss of weight. For these curves the mean drying rate is
60
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Fig.(5-3) Weight loss
and variation of top
temperature and.bottom
temperature of a
drying slab (DrieP I).
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defined as the weight loss per unit time and unit slab surface at
the moment that 50% of the water initially present has been removed.
~his drying rate, indicated by the symbol Nw,L/ , can be calculated
2
from the slope of the drying curve. The drying time T is defined
as the time elapsed from the beginning of the drying and the moment
that the temperature of the bo~tom starts to deviate from its controlled value.
Two typical drying curves of drying experiments performed in
drier II are shown in Fig.(5-4). This graph gives the variatien
with time of the top temperature of the slab at constant bottorn
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temperature tor heating frorn the bottorn as well as frorn the free surface. The mean drying rate is now defined as the ratio of the amount
of water sublimated after complete drying and the total drying timè T.
This mean drying rate is denoted by the symbol N • The difference
T
in temperature gradient in the dry porous layer for these two extreme
conditions is noticeable. Since in the case of heating via the frozen
part of the drying slab the temperature of the drying front must be
sornewhere in between the temperatures of the bottom and the top,
it can be concluded from Figs.{S-3) and (5-4) that the ice front
ternperature deviates only slightly frorn the temperature of the bottorn
layer. Even for the highest drying rates studied, the difference in
temperafure appeared to be less than s0 c. Therefore, in the further
presentation of the experimentally observed results the ice front
ternperature will always be assumed to be identical with the bottorn
temperature.
5.2.4.2 Effect of ice front tern2erature, freezing rate, chamóer

pressure, and initial dissolved solids concent·ration on
drying rate
The effect o~ freezing rate and ice front temperature on the
drying rate Nw,L/2 of a malto-dextrin solution is shown in Table·(S-1).
From this table it is clear that at the same freezing rate the drying
~
rate decreasas with decrease in ice front ternperature. At constant
ice front ternperature the mean drying rate
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~w,L/ 2

and therefore

Table (5-1) Effect of iae front temperature and free~ing rate on
the mean drying rate NüJ~L/ 2 and air permeábiZity of the dried
slab at atmospheria pressure. Chamber preesure is 0.50 mm Hg.
SZab thiakness is 0.43 cm. InitiaZ diseoZved solide (maZto-de~trin)
aonaentPation ie 20.0 üJt%. Heat supply_. via [Pozen paPt.· s·Zabs [Pozen
acaording to fPeezing pPoaeduPe I. Non-scraped slab surfaae.
Freezing rate
(10- 3 cm/s)

Ice front
temperature
(OC)

3.7
11.0
1.0
3.5
8.8
11.3
7.5
9.8
10.0
10.8
4.5
6.7
3.2
4.5
8.3
8.7
10.3
12.0
11.2
4.8
5.7
10.3
9.7
3·. 3
.6. 2

- 6.2
- 6.2
- 7.4
- 7.4
7.6
- 8.0
- 8.2
- 8.2
- 8.5
- 8.8
-10.5
-10.5
-11.2
-11.2
-11.2
-11.2
-11.2
-11.2
-12.0
-16.7
-16.7
-17.5
-18.0
-19.8
-19.8

-

Mean drying
rate Nw,L/ 2
(10- 6 g/cm 2 s)
166
92
197
166
112
65
112
72

80
73
105
95
133
90
72

80
48
52
55
45
45
20
27
30

25

Air permeability
of dried slabs
(10- 4 g/cm 2s mm Hg)

-

3.6
64.0

-

-

2.1
2.9
3.4

-

4.8
4.8
4.9
1.5
2.1
4.5
5.4
6.4

-

3.9
14.1
..4.•.1.

also the permeability of the dried part of the slab increases
with decrease in freezing rate. This effect is fully confirmed
by the results of the permeability measurements of the drieà
slabs to air at atmospheric pressure. The increase in the drying
rate Nw,L/ 2 with increase in ice front temperature, decrease in
freezing rate and decrease in chamber pressure is illustrated
by Fig.(S-5). The figure confirmes the results given in Table(5~1).
Most noticeable is the streng effect of freezing rate on the
rate of drying.

159

.

0.50r-----------------------------~

Fig. (5-5) Effect of ice
·front temperature on mean
drying rate of a 19.0 wt%
malto-de~trin solution at
different freezing rates
and chamber pressures Pw.
L
0.70 cm. Non-scraped
slabs. Method of heat supply
via frozen part.
0 ~ Pw = 1 mm Hg,
freezing rate
0.00067 cm/s;
(), Pw = 0.25 mm Hg,
freezing rate
0.00067 cm/s;

=

=

=

=

6. • Pw 0. 2 5 mm Hg,
freezing rate = 0.0027 cm/s.

Fig.(S-6) gives the effect of ice front temperature on drying
rate Nw,L/ 2 with chamber pressure and initia! dissolved solids concentration as parameters. In the initia! dissolved solids concen-

o. 5-Ó
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Fig.(S-6) Effect of ice
front temperature on mean
drying rate at different
initial dissolved solide
(malto-de~trin) concentrations (wt%) and chamber
pressures Pw. Preezing rate
0.00067 cm/s. L
0.70 cm.
Non-scraped slabs. Method
of heat supply via frozen
part.
Pw = 1 mm Hg: 6. , 19.0 wt%;
[ ] , 9.5 wt%; () ,
4.8 wt%;
Pw = 0.25 mm Hg:
38.0 wt%; A .. 28.5 wt%;
, 19.0 wt%; . . . 9.5 wt%;
, 4.8 wt% .

=

.......

-10
-15
-20
-25
-30,
tration range of 4.8 to 19.0 wt% the drying rate appears to be
only slightly dependent on concentration. The slight decrease in
drying rate can be explained by the fact that in the same range
of dissolved solids contents the amount of water which can be evaporated per unit slab surface shows a small decrease~ Above 19.0 wt%
160

=

initia! dissolved solids the f~gure shows a sharp decrease in
drying rate with ini.tial solids concentrati.on. From this it can be
concluded that below about 19.0 wt% dissolved soli.ds the pore
diameter is only sli.ghtly dependent on dissolved solids concentration and strongly decreasas with initia! solids concentration above
19.0 wt%. Thi.s means that up to 19.0 wt% initia! dissolved solids
the thi.ckness of the walls separating the pores i.ncreases strongly
with soli.ds concentration.
5.2.4.3 Effect of method of heat supply and
dissolved solids on drying rate

com~sition

of the

Fig. (5-7) represents the effect of the ice front temperature
on the mean drying rateN, of a 19.0 wt% malto-dextrin solution
with the method of heat supply to the ice front as parameter. It
is evident from the figure that the drying rate is almost independent
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Fig. (5-7) Effect of iae
front temperature on mean
drying rate of a 19.0 wt%
maZto-de~trin eoZution at
different methode of heat
euppZy to the ice front.
Chamber preesure Pw
0.05
mm Hg. Preezing ra~e
0.00067 am/s. L = 0.70 cm.
Non-scraped sZabs.
0 ,. heat eupp ly via the
dry part.
• ,. heat supp l.y via the
frosen part.
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temperature (OC)
~
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of the method of heat supply •
In Fig.(S-8) the effect of ice front temperature on mean drying
rate N, is illustrated wi.th the composi.tion of the dissolved solids ·
as parameter. In these experiments all slabs were scraped before
drying. The total initia! dissolved solids concentration was 20.0 wt%.
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In the experiments with the glucose-malto-dextrin mixtures as
dissolved solids the whole range of ice front temperatures between
-20°C and -40°C was investigated. For each composition, except the
0 wt% and the 30 wt% glucose concentratien on solid basis, the
highest temperature in the figure indicates the collapse temperature
above which no drying was possible. It is evident from the figure
that the collapse temperature decreases with an increase in glucose
percentage of the dissolved solids. In drying with heat supply via
the frozen part, mixtures containing 75% glucose as dissolved solids
_(on dry· basis) , already showed collapse at -40°C. It. has been observed that for the same composition of the dissolved solids the
collapse temperature is higher for drying with heat supply via the
frozen part than via the dried part of. the slab. Furthermore, it is
clear from the figure that the drying rate· only slightly decreases
with increase in glucose percentage of the dissolved solids.-At other
freezing rates and chamber pressures it has also been observed that
the drying rate is almast independent of the composition of the dissolved solids.
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5.2.4.4 Effect of seraping on dry-i.ng rate
For,frozen malto-dextrin solutLons, seraping of the free surface
of the slab does not influence the drying process, as can be seen
by camparisen the results of Fig.(5-7) and Fig.(5-8). Thi~ effect
has been observed also in drying frezen slabs of ether malto-dextrin
concentrations. For the frezen solutions with mixtures of maltodextrin and glucose as dissolved solids, however, seraping of the
surface generally resulted in a streng increase in the drying rate.
5.2.4.5 Effect of ice front temperature, freezing rate, slab
scrapi.ng, chamber pressure and way of heat supply on
volatile retentien
The effect. of ice front temperature on retentien of acetone in
freeze-drying slabs with an initia! dissolved solids concentratien
of 19.0 wt% is represented in Fig. (5-9). Freezing rate and total
chamber pressur~ are chosen as parameters. In these experiments
the heat was introduced via the bottem of the slab. With the exception of the experiments carried out at a chamber pressure of
0.05 mm Hg all experiments were performed in drier I. The decrease
in volatile retentien with increase in chamber pressure at constant ice front temperature is shown in Fig.(5-9) by the lower
retentions at 1 mm Hg compáred_with a pressure of 0.25 mm Hg. At
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constant ice front temperature a higher chamber pressure corresponds
to a lower drying rate. Because at constant pressure a decrease in
ice front temperature results in a decrease in drying rate, it is
clear that the favourable effect of a lower ice front temperature
on volatile retentien dominates the decrease in volatile retentien
with decreasing drying rate. ~pparently, the effect of a decrease
in ice front ternperature on the acetone diffusivity in the matrix
and the fraction of acetone molecules immobilised in micro-regions
is more than compensating the effect of the langer drying time on
volatile retention. In the range of low chamber pressures and high
ice front temperature the drying rate and, consequently, also the
volatile retentien become insensitive to the chamber pressure. At
low ice front temperatures the retentien becomes more insensitive
to the drying rate. Remarkable is the strong decrease in volatile
retentien with an increase in freezing rate* An increase in freczing
rate causes both a decrease in drying rate and a decrease .in mean
pore wall thickness of the drying matrix. Both effects result in a
decrease in volatile retention.
The effect of ice front temperature and chamber pressure on retention of n-alcohols in freeze-drying 19.0 wt% solutions of maltodextrin is shown in Fig. (5-10)~ The curves have been obtained for
a freezing ra te of

0. 00067 cm/s and heating via the bottem of the

slab. For n-propanol, n-pentanol the effect of the process variables
on retentien is about similar as has been observed for acetone. The
Fig. (5-10) Effect of ice front

temperature on the retention
of n-aZaohots in a freeze-dried

19.0 wt% maZto-de~trin salution
at different chamber pressures
Pw• Free;;.ing ra te =: o-. 00067 om/s.
L = 0.?0 om. Non-aoraped aZabe.
Heat suppZy is via the {rozen
part.

= 0.25 mm lig:
methanol; • ., n-propano Z;
n-pentanoL

--P.,
•

#

~#

P w = 1 mm Rg:

0_"
ó.~

-10

-15

-20

-25

-30

ice front temperature ( 0 c)~
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methanol; 0" n-propanoZ;
n-pentanol.

retentien of

metJ~~l,

however, appears to be independent of

the: ice "front temperature. It is· possible that for methanol the
dry~g

effects of the ice front temperature ·and

rate on retentien

are counterbalanced. Very interesting is the strong effect of
the molecular size of the volatile on retention. At ice front
temperatures lower than -25°C n-pentanol is almast completely
retained.
For slabs with a non-scraped surface the effect of the methad
of heating the slab, viz. heat conduction th~ough the still frozen
p~rt

or through the dry porous part, on the retentien of n-alcohols

is shown in Fig. (5-11). The curves have been obtained for a chamber
pressure of 0.05 mm Hg and a freezing rate of 0.000'67 cm/s. For

100~--=~~?=.-A.-;-.1
0 ____a__
~·::::=-;.---=----:---=0'-18~·
•
os
~
80

-·

0

•

•

Fig. (5-11) Effe at of iae front

temperature on the retention of
n-alaohols in a freeze-dried
19.0 wt% malto-dextrin salution

at different methods of heat
supply to the iae front. Freezing
rate = 0.00067 am/s. Pw = 0.05 mm
Bg. L = 0.70 am. Non-saraped slabs.
Heat supply via [rozen part:

60
oo

8

40

•
20

•

0

•

•

, methanol; •

A ,

, n-propanol;

n-pentanol.

Heat supply via dry part:

0

ice front temperature {°C)

D

methanol;

Ó

n-pentano l.

Q,

n-propanol;

0~&---~~~~-~~
-20
-25
-30
-35
-40

identical ice front temperatures the retentien appears to be: independent of the way of heating. Camparisen with the results of
Fig. (5-10) confirms the conclusion that the retentien increases
with decrease in chamber pressure.
For slabs with a scraped surface layer the effect of the methad
of heating the slab and the

ie~

front temperature on the retentien

of n-alcohols is shown in Fig.(5-12). The curves have been obtained
for a chamber pressure of 0.05 mm Hg and a freezing rate of

o.ooop7

cm/s. For identical

i~e

front temperatures heat supply

to the ice front via the dried part is slightly more favourable
for a high volatile retentien than via the frozen part. Camparisen
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Fig. (5-12) Effect of iae front
temperature on the Petention of
n-aZcohoZs in a freese-dried
20.0 hlt% maZto-dextrin aoZution
at different methodp of heat
auppZy to the iae· front. Freesing
rate = 0.00067 am/a. Pw = 0.06 mm
Hg. L = 0.70 cm •. Scraped sZabs.
~heat suppty via frosen part:
• • methanoZ;. • n-propanoZ;
.A. • n-pentanoZ.
--'-heat suppZy via dry part:
0. methanoZ; 0 • n-propanoZ;
!:::. • n -pen tano Z •
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of Fig.(5-11) with Fig.(5-12) leads to the conclusion that
seraping of the slab has a favourable effect on the retention,
especially for the lower alcohols, notwithstanding the fact that
i
seraping of the slab has only a negligible influence jon drying
rate.
5.2.4.6 Effect of initia! dissolved solids concentratien on
volatile retentien
For different initia! dissolved solids concentrations the
effect of ice front temperature and chamber pressure on the retention of the n-alcohols is shown in Figs.(5-13)-(5-16). The
figures clearly confirm the effect of chamber preesure and ice
front temperature on volatile retentien as already mentioned.
Concerning the initia! dissolved solids concentratien it is
evident from the figures that at constant ice front temperatüre
and constant chamber pressure the retentien increases sharply
with increasing initia! dissolved solids concentratien in the low
concentration range. But above 19.0 wt% solids the retentien becomes independertt. of concentration. This effect is clearly shown.
in Fig.(5-17) which is composed of the results presented in
Fig.(5-10) and Figs.(5-13)-(5-l6) at an ice front temperature
of -20°c. The same picture is observed for other ice front temper-
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Fig.(S-13)-(5-16) Effect of iae front temperature on the retention

of n-alaohols in.a freeze-dried malto-de:ctrin solution. The initiaZ
dissoZved soUds 'aonaentration (lilt%) and the ahamber preesure Pw are
taken as parameters. Freesing rate
0.00067 am/s. L
0.70 cm.
Non-saraped sZabe. Heat suppZy is via the frozen part.
--Pw
0.25 mm Hg:. ~ methanol; . . . n-propanoZ; A .. n-pentanoZ..
---Pw
1 mm Hg: 0 .. methanol; 0 .. n-propanoZ; ~" n-pentanoZ..
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Fig. (5-17) Effeat of initial
dissolved solids aonaentration
on the retention of n-alaohols
in a fX!eeze-dried malto-de:etrin
solution at different ahamber
pressures Pw· Freezing rate
0.00067 am/s. L = 0.70 am. Nonscraped slabs. Heat supply is
via the [rozen part. Iae front
temperature = -20°C.
- - Pw = 0. 2 5 mm Hg:
• , methanol; • , n-propanol;
À, n-pentanol.
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atures. The results from Fig.(5-17) are in'full accordance with
the observed effect of the dissolved solids concentratien on
drying rate.
5.2.4.7 Effect of composition of the dissolved solids on volatile
re tention
The effect of the composition of the dissolved solids on volatile
retentien in drying slabs .of 20.0 wt% dissolved solids at a chamber
pressure of 0.05 mm Hg is shown in Fig. (5-18) and Fig. (5-19). Heat
supply was via the bottom. From the figures it fellows that at the
prevailing ice front temperatures only ~ slight change in alcohol
retentien is observed if the glucose percentage of the dissolved
solids is changed from 30 wt% to 60 wt%(on solid basis). In the
case of heat supply via the dried part the effect of ice front
temperature on alcohol retentien in a slab with a dissolved solid
composed of 30 wt% glucose and 70 wt% malto-dextrin is shown in
Fig.(5-20). The total dissolved solid concentratien was 20.0 wt%,
while the chamber pressure was ,0.05 mm Hg. From Figs.(5-18) and
(5-20) it can be concluded that heat supply via the dried part has
a slightly favourable effect on volatile retention. This result
has also been found in drying slabs with pure malto-dextrin as
dissolved solids.
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~ce front
temperature on the retention of
n-alcohol.s_ in a free.ze-dried
20.0 wt% diasolved solids (glucose

Fig. (5-18) Effect OJ
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Fig. (S-19) Effect of ice front

temperature on the retention of
n-al.cohols in a freeze-dried
20.0 wt% dissolved solids (glucose
and malto-deztrin) salution at
different glucose percentages

(sol.id basis) of the dissolved
solide. Preezing rate
0.00067
~m/s. Pw
0.05 mm Hg. L
0.70 cm.
Soraped slaba. Heat suppty is via
the froaen part.
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Fig.(5-20) Effect of iae front

100.-------------------,

temperatuPe on retention of
n-aZcohols in a freeze-dried
20.0 wt% dissotved aotids (JO wt%
glucose and ?0 wt% malto-dextrin
on sotid basis) sotution. Preezing
rate = 0.00067 om/a. Pw = 0.05i mm Hg.
L = 0~70 om. Soraped stabs. Heat
supply is via the dry part.
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In Pig.(5-21) the effect of ice front temperature on alcohol

retentien in drying slabs with pure malto-dextrin as dissolved
solids component are cornpared with the observed effect of ice front
ternperature on alcohol retentien in drying slabs with mixtures of
malto-dextrin and glucose as dissolved solids~ The curVes are composed of the results of Fig.(5-12),

Fig.(S-18), and Fig. (5-19).

The figure clearly shows that at high ice front temperatures. an
increase in glucose percentage of the dissolved solids results
in an increase in volatile retention, whereas at low ice front

Fig. (5-21) Effect of ~eight
·péraentage (sotid basis) gtuaose
·of the dissotved solide on the
-retention of·n-alaohols in a
freeze-dried 20.0 wt% dissolved
sotids (gtuaose and malto-deXtrin)
solution at different ice front
tempePaturea. Preezing rate =
0.00067 cm/s. Pw
O.D5 mm Hg.
L =. 0.70 cm. Scrap~d slaba. Heat
suppty is via the frozen part.
- - T = -:sf/c: • J>. methanol;
• ~ n-propanol; Ä, n-pentanot.
-- -r = -25°C: D, methanoL;
0 ~ n-propanoZ; 6. ~ n~pentanot.
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temperature an increase in glucose percentage of the. dissolved
solids results in a decrease in volatile retention. Apparently,
at low temperatures the better encapsulating effect of the dis-

.

solved solids molecules at higher glucose content dominates the
negative effect of the increasing diffusivity at higher glucose
content. At high temperatures there is no encapsulating of volatiles by dissolved solids molecules. In that case the increase
in diffusivity with increasing glucose content of the dissolved
sOlids causes a lowering in volatile retention.
For a charnber pressure of 0.25 rnrn Hg the effect of the campositien of the dissolved solids on the volatile retentien is shown
i~

Fig. (S-22). Parameter is the ice front temperature. For a con-

stant ice front temperature the figure shows again an increase in
volatile retentien with a decrease in freezing rate. It is clear
from the figure that at constant freezing rate the retentien increases with a decrease in ice front temperature. It is evident
that for bath freezing rates and ice front ternperatures the retention decreases with an increase in glucose percentage of the
dissolved solids. This effect is in full agreement with the results
of the experiments carried out at a charnber pressure of 0.05 mm Hg.
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Fig. (5-22) Effect of weight
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glucose in dissolved solide
on the retention of n-alcohols
in a freeze-dried 20.0 wt%
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parameters. Pw = 0.25 mm Hg.
L = 0.70 cm. Scraped slabs.
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5. 2. 4. 8 Effect' O'f fînal moi'Sture content' and vol'ati:le' con'centration
on vo·la'tïTe· r~a·ten·ti·on
In all experiments the final moisture content of the dried
slab was varied between 1 and 10 wt%. The volatile retentien
appeared te be independent of the final moisture content of the
dried slab. In the volatile concentratien range between 0~05 to
0.50 wt% of each volatile component on dissolved solids basis the
(relative) volatile retentien was independent of the initia!
volatile

concentration~

5.2.5 Results and discussion of the experiments with layers of

qranules

Typical drying curves for layers of granules obtained in drier I
are shown in Fig.(S-23). The chamber pressure and layer thickness
are taken as parameters. eeropared with the drying curves of slabs
these of the layers of granules show a streng decrease in drying
rate with proqressing drying. In order to characterise the dryinq
behaviour of the layers of granules, frorn each drying curve two
drying rates are defined, indicated by Nw,o and NW L/ • NW' 0 is
2
1
1
the drying rate at the beginning and can be obtained trom the
slope of the drying curve'at t = o •. Nw,L/ 2 is the drying rate at
120. weight loss of
~ drying
~ sample (g)
1:0·

------_... -3.0

r

60

Fig. (5-23) Drying curves of
granules~ Layer
L (cm) and ahamber
preesure Pw are taken as parameters+ PartiaLe diam~ter Pange:
0.16 < 2Ro (cm) < 0.20. Initiat
disaotved sotids (matto-dextrin)
concentration ~ 20.0 wt%.
Freeaing rate = 0.00067 cm/s.
Bottom temperatuPe = ~ooc~

layera of

t~ickneaa

--P,_, = 0.85 mm lig.
l.O
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----P,_, =
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the moment tM.t. 50% of the water initially present in the laye,;

has been subllMated and can be obtained from the slope of the
drying curve at that moment.

5.2.5.2 Effect of layer thickness, chamber pressure and mean
diameter of the granules on drying rate
A summary of the observed' effect af layer thickness, chamber
pressure, and mean' diameter of the granules on Nw,o and Nw,L/
2
is shown 1n Table (5-2).
Table (5-2) Effect of ~ayeP thickness L (cm), partic~e diameteP
2R (cm) and chamber pre8sure P (mm Hg) on àrying rates N
0
(1~-ó g/cm 2s! and N ~; (JO-S ~/cm 2 o!. Initia~ diaso~veà ~~Ziàs
W,u

2

(matto-dextrin) content is 20.0 wt%. Freeaing rateis 0.00067 cm/a.
Bottom temperature

Pw

= 0.25

50 On
~.

0.02-0.05 0.05-0.08 o.oa-0.12 0-12-0,16 0.16-0.201

L
~

2R0 •

.0

N

w,o
Nw,L/2

5.0
2.7

4.7
2.7

5.2
2.9

5.0
2.5

5.3
2.5

.o

Nw,o
Nw,L/2
Nw,o

9.5

. 8. 2

s.o

3.6

8.4
4.8

4.7
2.0

7.5
2.5

11.6
5:5

6.2
4.9

6.6
2.0

7.5
5.0

12.0
3.2

3.0

'

Nw L 2

..L

2R->
0

0.02-0.05 o.os-o.o8 0.08-0.12 0.12-0.16 0.16-0.2(

I

N
w,o
NW L/2

3.6
2.2

4.8
2.0

5.3
2.3

b.o

N

5.0
4.0

4.8
2.5

4.5
2.2

Nw,o
4.8
1.·6
..Nw.,LI 2:•

4.7
1.4

4.3
1.6

1.0

Pw = 1

•

~s

3.0

w,o
· Nw L/2

.

i

4 .1
2.3

6.2
3.2

4.5
1.8

4 .1
2.7

4.5
1.7

4.1
1.6
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From this table it is clear that at a chamber pressure of 0.25 mm Hf'
both Nw,o and Nw,L12 . increase with increase in layer thickness.
This effect can be explained by considering the total heat transport from the bottorn to the drying layer. Owing to the higher resistance to vapour flow through the layer the mean vapeur pressure
between the particles during drying thick layers 'is higher than
the mean vapeur pressure between the particl_es during drying thin
layers. A higher vapeur pressure between the particles tends to
decrease the driving force for mass transport. However, because
the effective thermal conductivity in the lower part of the drying
layer, which determines the total amount of heat supply to the
layer, generally increases with an increase in vapeur pressure,
it is evident that in drying thick layers heat can more easily be
transported to the granules than in drying thin layers. In the
investigated range of chamber pressures, layar thicknesses and
partiele diameters the effect of an increase in layer thickness
on the effective thermal conductivity dominatas the effect of an
increase in layer thickness on the resistance to mass transport~
Furthermore, it can be concluded from this that the ice frOnt ternperature of the particles during drying is lower for smaller layer
thicknesses.
From Table (5-2) it follows that an increase in the chamber
pressure from 0.25 mm Hg to 1.00 mm Hg has no effect on the drying
rate of 1.0 cm thick layers but results in a strong decrease in
the drying rates of 2.0 and 3.0 cm thick layers. Apparently, for
a laye~ thickness of 1.0 cm the effect of an inprease in vapeur
pressure between the particles on the driving force for mass transport is just compensated by the effect of an increase in the thermal conductivity and in an increasing ice front temperature of the
particles on the drying rate. For a layer thickness of 2.0 and
3~0 cm the effect of an increase in vapour pressure between.the
particles on the drying rate is not fully compensated by the effect
of an increase in thermal conductivity on the drying rate. From
this it can be expected that for a chamber pressure of 0.25 rum Hg
the ice front t~ratures of the drying particles are lower than
for a charnber pressure of 1 mm Hg. From the re sul ts of drying e·xperiments at chamber pressures of 0.05 mm Hg (obtained with drier II)
it.can also be concluded that at low chamber pressures and sma11
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layer thiolmesses the drying rate is independent of mean partiele
diameter and layer thickness.
The Fesults preserited in Table (5-2) further show that the
mean partiele diameter has no significant effect on dryi~g rate.
It must be noted here that the value of the drying rate Nw• 0 as
'
defined in the foregoing somewhat depends on the starting procedure
of the drying experiment. This means that in fact the drying rate

Nw,L/ 2 is more reliable in camparing drying

rates~

5.2.5.3 Effect of initial dissolved solids concentratien on
drying rate
Por a chamber pressure of 1 mm Hg, an intial dissolved solids
concentratien of 40.0 wt%, and a layer thickness of 2.0 cm the
effect of the mean partiele diameter on the drying rate is shown
in Table · (5-3).
partic~e

Table (5-3) Effeat of mean
-5

2

ratea N
(10
g/cm a) and N L/
2
w)o
w~
ie 1 mm Hg. Initial àiesolved solids

diameter 2R 0 (cm) on drying
-5
2
~
(10
g/cm e). Chamuer pressure
(malto-de~t~in)

content is

4().() wt~L Layer thickness is 2.0 cm. Freeaing rate is 0.00067. cm/s.
Bottom temperature is 50°C.

2R
0

i

0.02-0.05

o.o5-o.o8

:
i

I

0.08-0.12 . 0.12-0.16

0.16-0.20

N

4.2

3.5

3.8

4.0

4.2

Nw,L/2

1.8

2.2

2.0

2. 3

2.2

w,o

It is clear from the table that also at an initial dissolved solids
content of 40.0 wt% the mean partiele diameter has no significant
effect on the drying rates. comparison of the drying rates of Table
(5-3) with these of Table (5-2) leads to the conclusion that an increase in initial dissolved solids content from 20.0 wt% to 40.0 wt%
results in a sli,ght decrease in drying rate. Probably this means
that the ice front temperatures of the drying particles have nearly

the same values for bath concentrations.
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5. 2 ~ 5. 4· Effe·ct· .:.:'!': ·1ave.r t~ckn:essi -chamber pressure· antl .mean
d'i:alnet'e:r of ·the· \I'fallules on 1ro·lat·ue· r·eten'ti.On
The effect of mean partiele diameter, layer thickness and
chamber press~e on retention of n-alcohols in drying granules
with an initial dissolved solids concentratien of 20.0 wt% is
shown in· Fig.(S-24) and Fig.(S-25). It is clear frorn the figures
that the retentien increases with a decrease in layer thickness.
: Fig. (5-24} Effect of mean
partiele diameter on the
retentien of n-alcohols during
drying of granules. ~ayer thiokness ie taken as parameter.
InitiaZ dissolved solide (maltode~trin) concentratien = 20.0 wt%.
Freezing rate
0.00067 cm/a.
Pw
0.25 mm Hg. Bottom temperature = ;;ooc.
·-----L = 1. 0 cm:
methanoZ;
n-pentano Z.
0 ~ n-pPopanol;
- - - L = 2.0 cm:
Methanol;
., ~ n-propano l;
n-pèntanot..
----L = 5.0 cm:
methanol;
•
n-propanot;
n -pentano t.
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Fig.(5-25) Effect of mean
partiele diameter on the
retention of n-atcohots during
drying of granures~ Layer thick~
ness is taken as parameter.
In~tial dieeolved soZids (maltode~trin) .ooncentration = 20.0 wt%.
Freezing rate = 0.00067. cm/s.
Pw
1 mm Hg. Bottom temperature =
S0°C.
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~

0

n~propanol;

3

This is in full agreement with the results obtained in drying
slabs. As bas aLready been mentioned, a decrease in layer thickness generally res"ults in a decrease in the mean ice front temperature of the particles. From the experiments with slabs it has
been found that volatile retentien increases sharply with decrease
in ice front temperature. Concerning the partiele diameter, Fig.
(5-24) and Fig. (5-25) illustrate for both chamber pressures a
slight decrease in volatile retentien with a decrease in roean
partiele diameter. The figures make further clear that the retentien
sharply increases with decrease in chamber pressure. This increase
can also be explained from the fact that the mean ice front temparature of the particles during the drying process decreases ·With
decreasing chamber pressure~ The favourable effect of a low chamber
pressure on volatile retention is also follnd in drying experirnents
(drier II) at a chamber pressure of 0.05 rnm Hg as is shown in
Table (5-4).
Table(S-4) Effect of ZayeP thicknees L (cm) on aZcohoZ retention {%).
lnitiat dissotved soZids (malto-dextrin) aonaentration is 20.0 wt%.
Chamber pressure is 0.05 mm Hg. Freezing ra~e is 0.0006? om/s.
.
0
Bottom temperature is 50 C. Partiele diameter range is
0.02 om < 2R < o.o:s am.
0
:

methanol

L

0.4
0.8

6.5

I

65

n-propanol
100
100

n-pentanol
100
99

5.2.5.5 Effect of initial dissolved solids concentratien and
location of the granules in the dryinq layer on volatile
re tention
Fig.(5-26) illustrates the effect of mean partiele diameter
on the retentien of n-alcohols durinq drying a laye1 vf granules
at a chamher pressure of l.mm Hg, The initia! dissolved solids
concentratien is taken as par~ter~ The figure shows a streng
increase in retentien with increasing initial dissolVed solids
concentration. This effect is opposite to the results found in
drying slabs where for initial dissolved solids concentratien
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·Fig.(S-26~
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----40.0 wt% disaotved solids:
0, methanol; 0 ~ n-propano l;
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•
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Effect of mean partiele
diameter on the retention of
n-atcohots during drying of
granules~ Initiat diasolved aotids
(maZto-dextrin) aonc'tm.tration is
taken as parameter. Freezing rate =
0.0006? am/s. Bottom temperature =
50°C. L
2.0 om. P~ = 1 mm Hg.

---- :

0
0.04 0.06 0.12 0.16
-->
mean partiele diameter (cm}

0,20

above 20~0 wt% the retention becomes independent of the initia!
dissolved solids concentration. From the figure it is also clear
tnat in tne investigated range of partiele diameters for 40.0 wt%
lnitial dissolved ~olids the retentien decreases with an increase
in partiele diameterf while fer a 20.0 wt% initial dissolved selids
concentratien the retentien just increases with increasing mean
partiele diameter.
Tne volatile retentien depends only sligntly on the location
of tne granules in tne layer. Tnis is clearly snown in Table (5-5).
Table(5-5) Effeot of ~ooation of particleB in the drying Zayer on
volatile retention (%). Initial dissozved solids (malto-dextrin)
aoncentration is 20.0 wt%. Chamber pressure is 0.25 mm Hg. Freezing
rate is 0. 00067 cm/a. Bottom temperature is E0°C. Partiele diameter
r ang e 1,.8 0 1 2 < 2R 0 < 0 18 om. L ayer> t hi c k ness t.s 3. 0 am.

.

methanol

n-propanol

sublaver I
(at the top)

26

94

100

7.7

sublayer 2

23

BB

95

.7. 8

sublayer 3

18

84

9.6

6.2

27

64

94

1.5

sublayer 4
(at tne bottom)
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n-pentanol

I

final maisture
content (wt%)

It fellows from Table (5-5) that only the top layer,.whioh dries
at lewest pressure and lewest ternperature, shows a sl·ightly higher

retention.
5.2~5-6

Effect of final moisture contentand nature of the volatile
jcomponènt on volatile retentien

For final moisture contents below 10 wt% the volatile tetention
of the dried g·ranules appears to be independent of the final

moisture content.
From the experiments with granules as well as the experirnents with
slabs i t is observed that the volatile loss always decreasas in the
range. methanol, n-propanol and n-pentanol. Therefore it is obvious
that the relativa volatili~y has no influence on the volatile loss.
The lossis governed by the molecular weight of.the volatile component.
5.3 Theory
5.3.1 Introduetion
From the experirnental results conclusions can be drawn ahout the
effect of the major process parameters on volatile retention in
freeze-drying slabs and layers of granules~ However, in order to
understand more completely the mechanism of volatile loss during
freeze-drying and to predict more accurately optimum process.conditions for maximum volatile retention,it is necessary to analyse
the observed results by way of a mathematica! model.
In freeze-drying slabs the temperature at the sublimatien front
and the drying rate do net change very much during the freeze-drying
process. This means that the retentien of the volatile components
.is almost independe.nt of the location in the slab. In drying layers
of granules differences in ice front temper~ture and drying rate
can be expected between particles located at different depths in
the layer. Consequently the volatile retention of the individual
particles might also differ.
The model of the drying process must be incorporated in the model
of the aroma loss. Therefore, mathematica! models are given for
drying slabs both in the case of heat transfer to the ice front by
conduction through the already partially dried part of the slab,
and in the case' of heat t·ransfer to the ice front by conduction.
through the frozen part~ Furthermore, a mathematica! model of the
freeze-drying process of a single spherical partiele will be presented.
The ice crystals in this model partiele are ei ther radially or parallel oriented. The drying sphere can be cdnsidered as the basic
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element of a drying layer of granules. The models of the drying
processes. are all based upon the u.R.~~F.model. Loss of volatiles
from ,the drying material is based on the selective diffusivity theory
and the theory of

encapsulat~g

by micro structures.

5 , 3, 2" D"iffusü:>n" ll.nd U OW' of water vapoUr ln" "a" capi"llary

In the absence of an inert gas, the mass flux of water Nw in
a capillary can be represented by the general equation
(5-l)

Where R is the gas constant, T the absolute temperature, Mw the
molecular weight of water, Pw the water vapour pressure, y the
co-ordinate in the direction of transport, and K the permeability.
The permeability depends on pore ·radius, water vapour pressure and
absolute temperature. Wakao et al. (91) give for the permeability
1

K =

1

D

7fK

1

r 2p

(l+2r /Al°Kw+(l+A/2r0 )~ +(l+A/2r )8~ww

0

0

{S- 2 l

where r 0 is the pare radius, h is the mean free pathof the water
molecules, DKw is the Knudsen diffusion coefficient and nw is the
viscosity of the water vapour* In literature, also other more or
less simtlar equations .for ~he permeability are presented (92) •
The Knudsen diffusion coefficient is defined as
4r

DKw

~

0

2RT l/ 2
(5-3)

-3- (1TM."l

For water vapour the mean free path h is given by the equation
A"= 0.0000331 T/Pw

(cm)

{5-4)

The viscosity nw is given by the equation

lp •A (§!U)
3 w

p;

11'Mw

l/2
(5-5)

where
is the density of pure water vapoui at the prevailing
pressure and temperature. For low values of Pw the permeability K
decreases with increasing Pw but at high values of Pw the permeability
increases with increasinq Pw. The minimum value of K is found when
2r0 /A = 0.6. In fact, the permeability K is the total of three
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separate contributions due to Knudsen f~ow, slip flow, and
Poiseuille flow. Wh.ich type Of flow: dominatea at the prevalling
conditions depends on the value of r 0 /A. In the Knudeen f'Loûi or
moleau'La~ floûi region the mean free path of the molecules is
large compared with the radius of the pores. From eq.(5-2) it
fellows that under these conditions the permeability K beoomes
equal to the Knudsen diffusivity
(5-6)
In the Poiseuitte f'Loûi region the mean free path of the vapeur
molecules is small compared with the radius of the capillary. The
flow in the capillary is then purely laminar. From eq. (5-2)
fellows
(5-7)

In the e'Lip floûi region the mean free path of the vapeur molecules
is comparable with the pore radius. In this case all the terros in
eq.(S-2) give a contribution of the same order to the permeability.
In the Knudsen flow region, r 0 /A << 1, the presence of an inert
gas has no influence on the transport of water vapeur, The flow
of water and the inert gas component are completely independent of
each other. For values of r 0 /A ~ 1 and r 0 /A > 1 the transport equations in the capillary are rather complicated (93). However, at normal
freeze-drying conditions the maximum vapeur pressure is less than
l mm Hg and the maximum pore radius is about 100 ~m. This means
that the flow in the frezen material is mainly Knudsen flow.
5.3.3 Mathematica! model of drying rate of a slab

Assumptione
In the derivation of the model for the drying process of a
freeze-drying slab the following assumptions are made:
(a) The ice crystals are straight, and have a cylindrical shape
with a constant diameter.
(b) All ice crystals are parallel to.each other and are distributed
uniformly in the slab.
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(cl Perpendi.cularly to. the :Lee crystals the dimensi.ons of the slab

are infi.ni.te.
(d) Mass transport from the ice front and heat transport to the
ice front can be considered as quasi-stationary.
(e) The initia! water amount present .i.n the matrix is neglected
relative to the amount of water present in the ice crystals.
(f) The permeability of the porous part during the drying process
is constant.
(g) The heat conductivities of the frozen part and partia~ly dried
part of the slab are constant during the drying process.
(h) There is no influence of inert gas on water vapour transport.
Heat _suppZy via the f:t>osen e.art

Fig.(S-27) is a diagramrnatic representation of a drying slab
with heat supply through the frozen part. The bottorn of the slab
is impermeable to mass transport. The bottorn temperature of the
slab T1 and the water vapour pressure at th~ free surface of the
slab Pw 3 are kept constant. The heat flux Q to the ice front is
gi.ven by
(5-8)

where Àf is the heat conductivity of the frozen part, x the thickness of the frozen part, and T 2 the temperature of the ice front.

L

T2 pO
w2

dried
part
frozen
part

T

- - - - - - 4...

Fi.g. (5-27) Diagramrnatic rep:t>esentation of a drying sZab.
Heat suppZy via f:t>ozen pa:t>t.
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From eq. (5-1) it can easily be. derived that in the quasi-stationary
case the mass flux of water Nw through the already partially dried
part of the slab is given by the equation
(5-9)

where € is the porosity of the dried layer, L the total thickness
of the slab, and P~ 2 the equilibrium water vapour pressure at the
ice front. The heat flux Q and the mass flux Nw are relate~ by
(5-10)
where AHw is the heat of sublimation. The retreat of the ice front is
given by the equation
(5-11)

where p.J..Ce is the density of pure ice and t is the time. During the
drying process the temperature of the ice front T and the corres2
ponding equilibrium water vapour pressure P~ 2 are not constant because the resistance to mass transport increases and the resistance
to heat transport decreases with retreat of the ice front. However,
because the drying process is slow and the heat conductivity of
the frozen material is high, the difference between ice front temperature T 2 and bottorn temperature T is relatively small. For small
1
differences between T 1 and T 2 the relation between equilibrium water
vapour pressure and absolute temperature is given by the ClausiusClapeyron equation
. (5-12)
which equation can be linearised to
(5-13)

Combining eqs.(5-8)-(5-11) and (5-13) gives
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(5-14)

Solution of this differential equation results in a relationship
between time t and the thickness x of the frozen part of the
drying slab
(5-15)

t

The total drying timeT can be derived from eq.(5-15) by substitution
x = 0

(5-16)

The drying rate Nw,L/ 2 at the moment that 50% of the water initially
present intheslab has been removed can be deriv~d from eqs.(5-11)
and (5-14).

(5-17)

Heat supply via the

d~ied pa~t

.

.

Fig.(5-28)1s a diagrammatic representation
of a drying slab with
'
heat supply via the already partially dried part of the slab. The
bottom of the slab is impermeable to mass transport. The ice front
Fig.(S-28) Diagrammatio
dri.ed
part

T---...
184

rep~esentation of
d~ying slab. Heat
via dried pa~t.

a
supply

temperature T is equal to the bottam temperature TJ.. The top
2
temperature of the slab T and the chamber water vapour pressure
3
Pw are taken constant. The heat flux Q to the ice front is given
3
by

(5-18)
where Àd is the heat conductivity of the dried part. The mass flux
l\; is given by eq. (5-9)., From eqs. (5-9), (5-10) and (5-18) can
be derived
(5-19)
From this equation it follows that for constant surface temperature
T 3 and constant water vapour pressure Pw 3 , the ice front temperature
0
T2 and the corresponding equilibrium water vapour pressure Pw
2
remain constant during the drying process. From eqs.(5-9) and (5-11)
follows
(5-20)
The relation between t and x follows from the salution of this
equation
2

· piceRT 1 (L-x)
t = -=~--~----0
2KMw (Pw
-P )
1 w3
The total drying timeT can be derived
x

(5-21)
~ram

eq.(5-21) by

substitu~ion

= o.
(5-22)

T

The mass flux of water Nw,L/ 2 at the moment that 50% of the water
initially present in the slab has:been removed is given by
N

w,L/2

(5-23)
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Statement of ·tne pro'b·tem
As has already been mentioned, during drying the majorily of
the water escapes by sublimatien of the ice crystals, while the
remainder evaporates from the matrix surrounding ~he open pores
left by the sublimated crystals. Because of the vapour pressure
gradient in the gas pores and, if any, the temperature gradient in
the porous layer, the thermadynamie activity of the water jn the
pores sharply decreasas with increasing distance from the ice front.
This means also that the water concentratien in the pore walls at
the interface, which is in thermadynamie equilibrium with the water
activity in the pores, decreases with increasing distance from
the ice front.
With the retreat of the ice front aroma components present in
the matrix may diffuse from the matrix at and above the ice front.
The ice crystals are completely impermeable to these components.
Because of the high values of the relative volatilities of the
aroma components, the concentratien of the free-moving aroma components in the matrix at the wall of the gas pores can be neglected.
Consequently, the loss of aroma components from the drying porous
layer can be described in terros of a three-dimensional molecular
diffusion process in a solid with zero interfacial concentrations
of the free aroma components. The salution of the diffusion equations
however, is extremely complex. This complexity is caused by the following factors:
The diffusion process is three-dimensional in a non-symmetrical
system.
- The diffusion coefficientsof water Dw and aroma Da are strongly
dependent on the water concentratien in the matrix and on the
temperature.
- The boundary conditions are dependent on the location of the
ice front.
The temperatur'è. profile in the drying slab and, therefore, the.
equilibrium water concentratien profile in the porous layer vary
with progress of the drying.
- The fraction where aromas are permanently incapsulated varies
with moisture content and temperature.
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In order to circumvent the d1fficulties which will be encountered
1n an exact salution of the transport equati.ons, a number of s1mplifications .and approximations have to be made.
Physical concept

Fig.(S-29) shows a diagramrnatic representation of the structure
of a drying slab. The mean diameter of the ice crystals and the
open pores is d. The mean thickness of the pare walls is 6.
matrix

ice
front

y

Fig.(S-29) Diagramrnatic
representation of a drying
8~ab. Heat supp~y via frozen
part.

0

In the matrix a fr.action ~~ of the volatiles is entrapped in
micro-regions of strongly bonded dissolved solids molecules
whereas .the fr.action 1-$~ is available for loss by diffusion to
the gas-matrix interface and subsequent evaporation. In the following derivations Ca and Cao will indicate the free aroma concentratien at time t and the free aroma concentratien in the matrix
of the frozen slab befare drying, resp~ctively. The value of $~
is taken constant during drying. The total concentratien of ároma
components initially present in the matrix is Ca0 /(1-~~).
At a distance ~ above the ice front the interfacial water concentration in the matrix has decreased below the critica! value ·
where Da/Dw bec~s very small. Here the interface becomes imper.meable to the volatiles. Thus, the matrix can lose its volatiles
only over the distance ~. The volatiles still,present in the matrix
at a distance larger than ~ from the ice front are immobilised and
will be completely retained. The length ~ is dependent on the linear
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veloci.ty of. :retreat ot the i.ce t:ront V. The relati.on between V
and the Wa.ter vapour p:ressure gradi..erit i.n the porous part of the
slab is given by

V

(5-24)

If the:re is no temperatu:re gradient in the porous part of the
d:rying slab, eq.(5-24) can be w:ritten as

V

(5-25)

where P! is the satu:rated water vapour pressu:re at temperatu:re T 2
2
and RH the :relative humidity. As T 2 z T 1 eq.(S-25) becomes

(5-26)
where P! 1 is the saturated water vapour pressure at temperature T 1 •
Because the water concentratien in the pore walls at the interface
is in equilibrium with the relative humidity in the pores, the
pore walls are permeable to volatile components as long as the RH
is above the critica! relative humidity RHcrit corresponding with
the critica! water concentration. With the assumption that V is
constant it fellows from eq.(S-26) that the length Z above the ice
fron~ where the pore·walls are permeable to volatile components
is given by
(5-27)
where RHy=x is the relative humidity at the 1ce front. If we define
(5-28)
eq.(5-27) becomes

(5-29)
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In the case of heat supply via the dried part of the slab the
saturated water vapour pressure will increase with increasing
distance from the ice front. This means that K wil! be smaller
1
than is given by eq. (5-28). However I at higher temperatures
RHcrit will shift to lower values (Chapter 3). Therefore, an
analytica! expression fo~ K1 will become very complicated. In
drying slabs under conditions given in section 5.2, it can easily
be shown that always Z/L << 1. In the case of heat supply via
the dried part, this condition also holds for slabs thinner than
0.4 cm.
OWing to the relatively high water concentration of the matrix
below the ice front free aromas will diffuse to some extent from
the frozen layer to the gas-liquid ~nterface where the aroma concentration is smaller because of evaporation losses. In freezedrying slabs the maximum depth of penetration of the aroma concentration profile below the ice front, hmax' can be approximated
by the general relation
h
= (D T) 1 / 2
max
a

(5-30)

where T is the total drying time of the slab. This total drying
time is equal to
T =

L/V

. (5-31)

Substitution of eq.(5-31) in eq.(5-30} results in
h

1 2
· (D a L/V) /
max =

(5-:-:32)

From the conditions of the freeze-drying process of slabs we can
consider two limits. In the first case the depth of penetration is
smal! compared with the total th~ckness of the slab. In the second
c~se the depth of penetration is of the same order as the thickness
L of the drying slab.
An approximating relationship for the depth of penetration h
in the case that h << L, can be derived as follows. Consider the
free molecular transport of volatile components in a semi-infinite
slab with a constant surface concentration Cal" The direction of
transport is perpendicular to the surface. The initia! free concen-

.
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tration in the semi.-infini.te .layer is cao. The surf a~ of the
layer moves inwards at a constant li.near velocity V. The concentration profile in this layer at the surface is identical with
the concentratien profile which is obtained if the surface of the
•
layer is fixed and the transport in the layer is determined by
molecular diffusi.on as well as by a convecti.ve flow at .a li.near
velocity V in the direction of the surface. These two situations
are shown diagrammatically in Fig.(S-30). If we consider the layer
V

rnaving
boundary

~-r,....,.,....,...,....,.,...,..."

semi.-infinite
'layer with constant surface
concentration

diffusion
region

semi-infini te
layer with constant surface
concentration

Fig·. (5-30) Model for diffusionaZ transport of voZatiZes in
the matri~ beZow the ioe front.
with the fixed surface, the concentration profile in the layer
becomes (55)

cao -ca
cao -c al

= 0.5

t[

j

rfc u +Vt 172 +
2(Dat)

(5-33)

where u is the co-ordinate in the direction of transport. In freezedrying slabs the concentration profile of the aroma component in
the matrix below the ice front is in good approximation determined
in a way identical with the one described for the semi-infinite
layer with constant surface concentration. As Vt ~ L/2, u << L, and
(Dat) 1/ 2 << t (see eq~(5-30)), eq.(S-33) can be_approximated-by
(5-34)

u

The depthof pene~ration h.is now defined as the depth
where.the
difference between ca and cao is only a fraction 1/e of the difference between cal and Cao· From eq.(5-34) it now follows that
h = D /V

a

190

(5-35)

FrOIIl the above it is clear th.at volatiles can be lOst from a
. given depth before that l.evel i.s reached by the ice front. It is
also cl~ar that for a thin slab the depth of penetratien of the
aroma concentratien profile in the matrix below the ice front is
always given by h = x. We will now approximate the concent!'ation
profile for free aromasin the matrix by a step function (Fig.(S-31)).
For the case that h << L the free aroma concentration over the depth
y = x+Z to y = x-h is taken uniform and equal to the concentratien
ca,x of the free volatiles at the ice front of the drying slab.
At dephts beyond y = x-h. the free aroma concentratien is t~ken to
be equal to the initia!. free aroma concentratien Cao' For the case
that h = x ,the free aroma concentration over the depth y = x+Z to
y = 0 is taken uniform and equal to the concentratien ca ,x of the
free aroma at the ice front .Y = x •
The loss of aroma per unit time and unit slab surface Na,x is
glven by the.equation
(5-36)·

where k is the mass transfer coefficient for the aroma components
in the matrix and s the specific surface of the dry layer. The
mass transfer coefficient depends on three parameters, viz. the
thickness of the pore walls 9, the average diffusion coefficient
of the aroma components Da in the matrix, and the time t* during
which the ice front retreats over a distance Z. It is evident that
the flux of aromas is neither completely stationary (independent of t*),
nor completely independent of o. Assuming that reality lies somewhere in between, dimensional analysis leads to the following expression for k

k

=~· [~~] 1/2] 1/2

(5-37)

where t* = Z/V
Mathematical evaZuation
The free aroma concentratien in the matrix at the ice front c'an
be calculated from a mass balance. For the case that h << L, Z << L
this mass balanceis illustrated in Fig.(S-32). Suppose that between
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•t=l

L-x

•

concentratio
profile

Fig.(5-3l) Appro~ima
tion of concentration
profile of the votatiZe component in the
drying slab by a step
funation.

ca,x
idealised
concentratien
profile

h

aroma
concentratien

ca

position of
ice front

1

x
Fig. (5-32) Diagrammatic representation
of mass baZanae of
the votatiZe component
(h « L).
L

t

t+At

t and t+At the location of the !ce front changes from y = x to
y = x-Ax. At time t the total amount J 1 of aroma per unit slab
surface between y = x+Z and y = x-h-Ax is given by
(5-38)
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At time t+At the total amoun.t J 2 of aroma per unit slab surface
between y = x+l and y = x-h-Ax is given by
J

(5-39)

A +Ax(l-E)C
2 = (l+h)(l-E)C a,x-ux
a,x

The total amount of aroma evaporated per unit slab surface between
t and t+At bacomes
J 1-J 2

= Na,x At

<5-4 er)

From eqs. (5-24), (5-36), (5-38), (5-39) and (5-40) it follows that
(5-41)
It has to be noted that in the derivations the velocity of retreat of
the ice front V= -dx/dt =!lx/At is taken constant. Eq.(5-41) is
valid for h <<.x << L-l. For x > L-l, at the beginning of the drying
process, aromas can only escape in the porous layer ov~r a height
L-x. For x < h, at the end of the drying process, the depth of penetration in the frozen layer is equal to x. As l << L and h << L,
eq. (5-41) can be applied over the total thickness without introducing
any great error. With the boundary condition

c a,x

c ao

x

=L

=

(t

0)

(5-42)

the solution of eq. (5-41) bacomes
~

ccao

~

J [

J

_ 1
1
A+1
- A+1 + 1- .A+ï exp -(ï+h) (L-x)

(5-43)

where A is given by
A

skl
V(1-E)

(5-44)

If the ice front is at y = x, the aroma concentration in the matrix
is fixed at y = x+l. However, with the exception of the.beginning
and the end of the freeze-drying process, Z and h are always small
compared with x. Therefore, the fixation level of the aroma concentration in the matrix is nearly equal to the location of the ice
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front. From eq. (5-43)· then follows for l << x and h << x
(5-45)

Ca,x /Cao = 1/ (A+l)
The relation between the total aroma retention AR and the'
location of the ice front x now beoomes

(5-46)
The aroma retention of the whole slab after complete drying is
given by
(5-47)
It is clear from eq.(5-47) that for
of penetration h has no significant
loss.
For the case that h =x and Z <<
free aromacomponentsin the matrix

l <<x and h <<x the depth
effect on the final volatile
L the mass balance of.the
is illustrated in Fig.(S-33) •

. Fig.(S-33) Diag~ammatia
Pepreeentation of maas
balanae of the voZatiZe
aomponent (h ~ L).

L

t

+lit

y

of
Suppose again that between t and t+lit the location of the ice
front changes from y = x to y = x-lix. At time t the total amount
J
1 of aroma per, unit slab surface between y = x+Z and y = 0 is
given by
J
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1

= (x+l)

{1-e:}C

a,x

(5-48)

At time t+At the total amount J 2 of aroma per unit slab. surface
between y = x+l and y = 0 is given by
J

A +4x(l-E)C
a, x
2 =(x-Ax+l}(1-E)C a,x-llx

(5-49)

The total amount of aroma evaporated per unit slab surface between
tand t+4t is given by eq.(5-40). From eqs. (5-24), (5-36) 1 (5-40),
(5-4&), and (5-49) it follows that
ksl
V(1-E) (x+i) 0 a,x

0

(5-50)

Because l << L, eq.(5-50) can be applied in good approximation
over the total thickness L. With the boundary condition, eq.(5-42),
the solution of eq. (5-50) beoomes
ksl
A
0
1
a,x .fxH1V( -d =[x+l]
(5-51)
ca,o Lt+iJ
Lt+ij
Because l << L, eq.(5-51) can be approximated by
ksl
A
ca,x/Cao = (x/L)V(1-E) = (x/L)

(5-52)

The fixation level of the aroma concentratien is near the ice
front. Using eq.(5-52), the relation between the total aroma
retentien and the location of the ice front y = x beoomes

(5-53)

or
AR

1
=(1-«Poa ) [ -A+1

(5-54)

The aroma retentien after complete drying beoomes
I

AR =(1-«P~)/(A+1)+1P~

(5-55)
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Eq. (5-55) is identical with eq. (5-47). Comparison of eqs. (5-46)
and (5-54) leads. to the conclusion that for the same values of
x/L, ~~ and A the aroma retention of a thick slab is higher than
the aroma retention of a thin slab. However, the final retentions
after complete drying are equal.
From eqs~ (5-29), (5-37) and (5-.44) it follows that A depends
on the mean thickness of the pore walls o, the volume fraction
ice in the frozen layer e, the specific surface s, the mean
velocity of the retreat of the ice front V, the aroma diffusivity
Da and the constant K • Between the diameter of the pores d and
1
the specific surface s of the dried slab there is the relationship

s

= 4e/d

(5-56)

As can easily be derived, the variation of
given in good approximation by

o =(e -1/2 -1)d

o with

d and e is

(5-57)

Substitution of eqs.(5-29), (5-37), (5-56) and (5-57) in eq. (5-44)
gives

(5-58)
5.3.5

~hematical

model of drying rate of a single granule

Assumptions
In the derivation of the model of the drying rate of a freezedrying granule the following assumptions are made:
(a) Assumptions (a) , (d) , (e) , · (f) , (g) , and (h) mentioned in
section 5.3.3.1
(b) The drying granule is spherical.

Poves in radial direction
In Fig.(5-34) a diagramrnatic representation of a drying
sphere is shown. The ice crystals in the sphere are all in radial
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Fig.(S-34) Diagramrnatie
representation of a drying
sphere. Porea in radiaL
direction.

dried part

directions. Because the initia! ice fraction in the sphere and
the diameter of the ice crystals are independent of the location
in the sphere, the ice crystals must be branched continuously in
the direc~ion of the surface~ Consequently, the ice crystals
have a tortuosity greater than one~ However, in our theoretica!
model we assume this tortuosity to be equal to one. The surface
temperature of the sphere T and the chamber water vapour pres3
sure PwJ are taken constant during the drying process. The total
heat transport q from thê surface to the frozen care with radius x
is given by
(5-59)

Because the transport is quasi-stationary, q is independent of r.
Integration of eq.(S-59) over the porous part of the sphere
results in
q

(5-60)

where T is the temperature ot the ice core and R0 is the radius
1
of the sphere. The total water transport nw through the porous
part is given by the equation
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4nr~EKMW.dPW
0

-

RT

1

dr

(5-61)

lntegration of eq.{5-6l) over the porous part of the drying
sphere yields
4nEKM

n W,=

w

(P 0 -P
)
w1 w 3

(5-62)

Heat and water transport are related by
n

w

;

(5-63)

q/liH

w

Substitut1on of eqs. (5-60) and '(5-62) in eq. (5-63) results in
(5-64)
With the assumptions made in the foregoinq i t follows from
eq.{S-64) that for constant surface temperature T and·constant
3
water vapour pressure Pw the ice fro~t temperature T and the
1
3
corresponding water vapeur pressure Pwl are independent of the
location of the ice front

x~

The retreat of the ice front in

the drying sphere is given by the equation

n,. =

-4rrEx

2

Pice

dx

dt

{5-65 J

Substitution of eq.(5-62) in eq.(5-65) gives

(5-66)
Integration of

eq~{S-66)

with the initia! condition t = 0

4

x= R
0

yields the relationship between time t and the location of the
ice front x

t
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(5-67)

The drying timet can also be expressed in terms of·X

d' i.e.
t,ra
the ratio of the amount of ice present in the drying sphere at
time t

to the amount of ice initially present in the sphere.
p

t

RT R

2

ice 1 o
(l+ 2X
-JX2/3 )
-P )
t,rad
t,rad
6 KMw (Po
Wl w3

(5-68)

where

(5-69)

The tota1 drying time T can be derived from eq. (5-67) by the
substitution x

~

0.

:r =

(5-70)

Pores in parallel direction

In Fig. (5-35) a diagramrnatic representation of a drying
sphere with pores in parallel direction is shown. Because the

veláci ty of retreat of the ice front is small and the frozen
care of the drying sphere has a large therrnal conductivity

R -x
0

p

Fig. (5-35) Diagramrnatic
repreeentation of a
drying sphere. Pores
in parallel direction.
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compared wi th the thermal conducti vi ty of the po rous part, the ice
front temperature of each pare containing ice is equal. This roeans
that the velocity of retreat of the ice front tn the pores is also
equal. Mass transfer from the sphere is only in the direction
parallel to the pores& However, heat transfer to the ice care of
the sphere is mainly radial. It can easily be shown that at constant
surface temperature and constant water vapeur pressure at the
surface outside the sphere the temperature of the ice fron~ is not
constant during the drying process. Two limits are considered:
constant ice front temperature of the drying sphere and constant
surface temperature of the drying sphere.
Constant ice front temperature

The velocity of retreat of the ice front in each pore is equal
(Fig. (5-35)). This means that the distance of the ice front to the
centre of the sphere depends on ·the location of the pare in the
sphere. When the ice front in the largest pores has retreated over
a distance R0 -xp, the total volume of ice Wice present in the
sphere is equal to
(5-71)
According to eq.(S-21) the relation between xp and t is given by
(5-72)

The relation between x and the volume fraction of the frozen core
p
t,par is given by the equation

X

(5-73)

Using eqs. (5-71) and (5-72) it can be derived that the drying rate
varies with time according to the equation
n
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w

~

The total drying time of the sphere with parallel pores is equal to
the drying time of the longest pore and can be calculated from
eq. (5-22).
Constant surface temperature

The total mass flux of water nw at time t is proportional to the
surface of the circle with rad~us (2xpR0 -x;)ll 2 , (Fig.(S-35)).
Because all pores, containing ice, dry with the same drying ~ate,
it can be easily derived that the total drying rate nw is given by
2~eKMWR (P~ 1 -Pwl) {2w-w 2 )
(5-75)
nw =
RT (1-w)
1
where

0

For the total heat transport q to the ice front at time t follows
(seè Appendix (5-1))
-2wRoÀd(Tl-T3)[
(1-w)
Lw (2-w)

rw(2-w)-wl/2(2-w)l/2]

Lnl (2-w) (w-U
Hn [1/ 2 I 2~~t 1/2- ~+w1/2 I 2-w) 1/2- w]

q =

(5-77}

From eqs. (5-63), (5-73), (5-75), (5-77) and the Clauslus Clapeyron relationship between P~ 1 and T1 the drying rate nw can
be calculated in dependenee on xp (or xt,par).
5.3.6 Mathematica! model of the loss of volatiles frorn a drying
§Eherical granule with radial pores
The loss of volatiles from a drying spherical granule is
governed by the sarne parameters as determine the loss of volatiles
from a drying slab. Because heat is always transportea to the ice
front by conduction through the porous part, it can be assun~d that
for spheres with dimensions above 0.1 cm the distance Z above the
ice front where aromas can be lost frorn the drying sphere is srnall
compared with the radius of the sphere R0 • For the depth of'penetration h of the diffusion process of the arornas below the ice
front two limit cases can be considered. In the first case the depth
of penetration is small compared with the radius of the granule
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while in the secend case the depth of penetratien is of the same ·
order as the radius of the ice care.
For the case that h << R we have in fact the same situation as
.
0
in drying slabs because Z as well as h are small with respect to
R • This means that eq.(5-45) can also be applied to the ~pàere.
0
The relation between the aroma retentien AR and the location of the
ice front x in the sphere radial pores now becomes
AR •

(l-·~{Ä!l~+A(~0 ) ']··~

(5-78)

The aroma retentien of the sphere after complete drying is given
by eq.(5-47).
For the case that h = x the los.s of volatiles from the sphere
per unit time can be found as fellows. Suppose that between t and
t+~t the location of the ice front changes from r = x to r ~ x-~x.
At time t the total amount J 1 of aroma in the sphere between
r = x+l and r = 0 is given by
(5-79)
At time t+~t the total amount J 2 of aroma in the sphere between
r = x+l and r = 0 is given by

[ 41f (x+Z)
~

3-

!31r (x--~x+· Z) 3]

3
•
(1-e:) Ca,x+ .!
3 1r (x-L\x+ Z) (1-e:) Ca,x-ux
(5-80)

The total amount of volatiles evaporated between t and t+L\t is
(5-81)
From eqs.(5-36)and (5-79) - (5-81) it fellows that
dC
2
~ _
3ksZx
c
= 0
dx
V(l~e:)(x+Z)3 a,x

(5-82)

Because Z <<x, eq.(5-82) can be simplified to
dCa x

3ksZ

~ - V(l-e:)x

C
a,x

(5-83)

=0

Integration of eq.(S-83) with.the boundary condition
(t=O)
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(5-84)

results in

=

x

3kslV(l-s)

(5-85)

(Ro)

The fixatien level of the aroma concentratien is near the ice front •

•

For the relation between the aroma retentien AR and the location
of the ice front can be derived

0
2 dx + ~nx 3
~l-:~)[JR
(~a,x)4nx
nR
ao

AR=

3

0

x

~1 r+A(~)
R 3 (A+lJ]+<f>o

(1-<f>o)
a A+l

0

(5-86)

a

The aroma retention after complete drying is given by eq. (5-47).
Calculation of the aroma loss from a layer of granules is rather
complicated. This complexity is caused by the fact that all granules
do not have the same drying rate and the same temperature. This
means that both the value of A and the value of

,

4>

0

depend on the

a

location in the layer. Furthermore, granules can also lose volatiles
before they start drying. The loss of volatiles from a frozen nondrying granule can be simply described as a molecular diffusion
process with a surface concentratien of the aroma component equal
to zero. The fractional loss f of the free aroma component from the
non-drying granule is then given by the equation

6
2 1/2
f = =r72(Dat/R0 )

(5-87)

TI

Eq. (5-87) holds in good approximation as long as the loss of free
aroma components is less than 30%. However, the fact that the
granule does not dry implies

tha~

the temperature is relatively low.

As has been found in Chapter 2 the diffusion coefficients of
volatiles at '!ow temperatures are very smal!. This means that in
general the loss of free aromas during the time that the granule
does not dry is relatively smal!.
The aroma loss of a drying granule which has already lost volatiles
during the period. of non-drying can be approximated by the equations
AR =

(1-f)

(1-0~1~! 1 ~+A(~0 ) t·~
Z

<< R

(5-88)

0

h

<< R

0
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and
AR •

(l-f)

(l-~~) ~~l ~•ACio> 3 (A+l)]·~~
h

=x

(5-89)

Z

<< R

0

For the calculation of the total aroma loss from a drying layer of
granules it is necessary to know the drying conditions of each
granule.
5.3.7 Results and discuesion
5.3.7.1 Effect of the method of heat supply, bottorn temperature,
chamber pressure, and pore radius on drying rate of slabs
\

The calculated effect of the method of heat supply on the drying
rate of a slab, dried from one side, is shown in Fig. (5-36), where
Nw,L/ 2 is given in relation to the bottorn temperature with chamber
pressure (water vapour) and pore radius as parameters. The mean
drying rates are calculated from egs. (5-17) and (5-23).
The value of the porosity e in these equations is obtained from the
assumpt!on that the matrix between the ice crystals is from free
water. With this assumption the relation between the weight fraction
dissolved solide x 5 and e becomes
(5-90)

Fig. (5-36) CûcuZate effect
of bottam temperature on
mean drying rate N~,L/2•
Chamber pressure P~3 (mm Hg),
pare radius r 0 (vmJ and
methad of heat suppZy to
the ice front ar.e taken as
parameters. InitiaZ dissbZved soZids concentration
19.0 wt'S,. L-= 0.?0 cm.

=

·--heat suppZy via dry
part
----heat suppZy via frozen
part
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where p is the density of pure malto~dextrin, which is taken
5
equal to 1~6 g/cm 3 • In the calculations the viscosity nw of the
water vapour is taken at the mean water vapour pressure in the
pore and at the temperature of the bottom. For the relation between
the equilibrium water vapour pressure P~ and the ice front temperature T is used
0

Pw = 2.6675 10 10 exp(-6138/T)

mm Hg,

T = °K)

(5-91)

The physical constants used in· eqs. (5-17) and (5-23) are

In the case of heat supply via the dried part, the ice front
temperature is equ~l to the bottorn ternperature of the drying slab.
This means that in drying via heat conduction through the frozen
part the difference between ice front temperature and bottorn
temperature can be read directly from Fig.(5-36). It fellows from
the tigure that at high bottorn temperatures, a mean pore radius
of· 20 urn,. and a zero chamber pre ss ure (water vapeur), the difference between bottorn and ice front temperature can be substantial.
However, for a pare radius of lO urn and a charnber pressure of 0.25
mm Hg the difference between ice front temperature and bottorn
temperature is only a~few degrees centrigrade. As will be shown,
in most drying experirnents the maximum pore radius was 15 ~m so that
in most cases the difference between ice front temperature and bottorn
temperature was of the order of a few degrees eentigrade ·only.
5-3~7.2

calculation of mean pore radius of the dried slabs from
experirnental and theoretical results

For a slab thickness of 0.43 cm# an initial dissolved solids
content of 20.0 wt%, and a charnber pressure of 0.25 mm Hg, the
calculated effect of bottam temperature on drying rate Nw,L/ 2 is
shown in Fig~ (S-37} .. Parameter is the pore radius .. In the.se
calculations the same relationships and physical canstants are used
as mentioned in sectien 5.3.7.1. From Fig. (5-37) and the experimentally observed values of Nw,L/ 2 , shown in Table (5-1), the effect of
freezing rate on the mean pore radius can be calculated. This effect
205
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Fig. (5-37) Ca~cu~ated
effect of bottam temperature on mean drying rate
N~ L/2· The pore radius
r 0 ~ (~m) is taken as parameter. The i~itiat dissotved solids aoncentration
= 20.0 wt%. PwJ = 0.25 mm
Hg. L = 0.43 cm. Heat
supply is via the froaen
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Fig .. (5·-38)' Variation of mean pore

radius r 0 in a dried slab with
freeaing rate. Initial disaolved
solids aoncentration of the
frozen slab~ 20.0 wt%.
L
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0

freezing rate (l0- 3cm/s)
5

10

is i1lustrated in Fig. (5-38). The figure also shows the pare radiUs
calculated froro the air perrneability of the dried slab. For these
calculations the fundamental egs. (5-1) and (5-2) are applied. The
good agreement,between the results of the two widely differing methOds
proves the validity of the rnass transport equations and the capillary ·
concept of the freeze drying slab. Frorn Fig. (5-38) it follows that
at low freezing rates the pore radius increases sharply with decreasing freezing rate. Fora slab thickness of,Q.70 cm and an initial
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Fig. (5-39) CalcuLated
effe at of ·bo ttom tempe:r>ature on mean drying rate

12

meter. The initiaZ dissolved·solids èontent of
the frozen.slab = 19.0 wt%.

~~'7(!J ~:et~~;~ ~~d~~!a-

-PwJ = 0.25 mm Bg.L

0. ?0 cm.

Heat supply is via the

6

frozen pa1't.

4

0

bottorn temperature (°C)

20,-------------------------------,
(10 -5 g/cm 2 s)

Fig.(S-40) Calculated
effect of bottam temperature on mean drying rate
Nw L/2· The pore radius
r 0 ' (~m) is ta~en
'
as parameter. The initial disaolved solids content of
the frozen slab = 19.0 wt%.
Pw 3 = 0 mm Hg. L
0.?0 cm.

16

12

Heàt supply is via the
frorten part.
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bottam temperature (°C)
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-30

dissolved solids concentratien of 19.0 wt% the calculated effect of
the bottorn temp'erature on drying ra te Nw ,L/2. is illustrated in Fig.
(5-39) for a chamber pressure (water vapour) of 0 mrn Hg, and in Fîg~

(5-40) fora chamber pressure of 0.25 mm

Hg. From Figs.(S-39)-(5-40)
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and the results of the experi.ments illustrated in Fig. (5- 5 ) the
effect of freezing rate on roean pore radius can be obtained. For
this purpose the experiroentally observed drying rates are eeropared
with the theoretically calculated drying rates. The results are
shown in Table (5-5).

Table (5-5) Effect of freezing rate on mean pore radius r 0 (pm}
aa~aulated

from

e~perimentaZZy

observed and

theoretiaaZ~y

aa~cu~ated

drying rates at different (bottom) temperatures T (°C). Slab thickness is 0.70 cm. InitiaZ dissolved solids
tration is 19.0

phamber pressur~
:freezing ra te+

0.00067 cro/s

0.0027 cro/s

(malto-de~trin)

aoncen-

~t%.

Pw3

= 0 mm Hg

T = -25
T = -20
T = -15
T
T
T

= -25
= -20
= -15

Pw3

r0 =

8

ro
ro

=

11

=

13.5

r

=

0

4

ro = 4.5
ro = 5.5

=

0.25 mm Hg

T = -25
T = -20
T = -15

r 0 = 22.5
lr 0 = 20.5
ro = 20.5

T = -25
T = -20
T. = -1.5

ro =
ro =
iro

=

9

7.5
7.5

I

In the calculations it is assumed tliat the total water vapeur pressure
is either equal to the chamber pressure or equal to zero. The results
obtained at these two water vapeur pressures are the two liroits
between which the pore radius can vary~ However, at high tèmperatures
the calculations are less sensitive to the èhamber p~essure. Therei
fore, a rather accurate value for the pore radius is the average of
the two limit values at -20°c. In this way, for a freezing rate of
0.00067 cro/s a mean pore radius of 15 pro is found. For a freezing
rate of 0.0027 cro/s a roean pore radius of 6 ]Jro is obtained. As we
can see from Fig.(S-38) the latter value is in good agreement with
the results found in freezing slabs of 0.43 cm in thickness.
In Fig.(S-41) is shown the calculated effect of ice front temperature on mean drying rate Nw,L/ 2 • The initia! diss•olved solids
concentration, the chamber pressure and the pore radius are taken
as parameters. It is remarkable that for constant pore radius and
constant ice front temperature the drying rate Nw,L/'f deèreases only
208

slightly with an increase in the initial dissolved concentratien
from 4.8 wt% to 38.0 wt%. From Fig.(5-41) and the experimentally
observed results illustrated in Fig. (5-11) the mean pore radius
of the dried slabs as a function of the initia! dissolved solids
content can be calculated. For this calculation the drying rates
at -20°C at a total chamber pressure of 0.25 mm Hg were used. The
pore radius was calculated with both the assumption of a water
vapeur pressure of 0.25 mm Hg and the ass'umption of a zero water
vapeur pressure in the chamber. The mean values of the calculated
pore radius are shown in Table (5-6).
Table {5-6) Effect of initial dissolved solide concentration (wt%)
on mean pore radius r 0 (!lml .calcu lated from experimentaZ and
theoretical results. SlaQ thickness is 0.?0 cm. Preezing rate

.

0 0006? cm/s
initia! dissolved
solids concentratien
4.8
9.5
19.0
28.5
38.0

mean po re radius ro
27

25
15
5

3

It is clear from the table that at the same freezing rate the mean
pore radius decreasas with increasing initia! dissolved solids
contents. From the results of the table it can further be concluded
that up to 19.0 wt% initial dissolved solids concentratien the thick20
Fig. (5-41) Calaulated
Nw,L/ 2 (10 -5 g/cm 2 s)
effect of bottorn temperature on mean drying rate
Nw
L/2· The pare radius
1
16
r 0 ' (jlm), the initial dissolved solids conaentration
'rweight fraation X ) and
'
s are
tne
ahamber preesure
12
taken as parameters.
L
0.?0 cm. Heat supply
is via the frozen part.
Pws = 0 mm Hg.
8
-Pws = 0.25.mm Hg.

i

4

-26
bottem

-30
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ness of the walls separating the pores increases with dissolved
solids concentration and that above 19.0 wt% the thickness decreases again with increasing dissolved solids concentration.
5.3.7.3 Effect of pore radius, direction of pores, sphere ,radii:!!!!,
and surface temperature on drying rate of a spherical granule
The calculated effect of mean pore radius and the direction of
the pores on the drying behaviour of a spherical granule with constant
ice front temperature is shown in Fig. (5-42), where the variation
of the fractional ice amount in the granule with time is presented.
The calculations are made using eqs. (5-68), (5-72) and (5-73). For
0
the . variation of Pw
with the absolute temperature the same relationship is taken as used in section 5.3.7.1. The figure clearly shows
that the drying time of the sphere with radial pores is about one
third of the drying time of a sphere with parallel pores. This is
also illustrated in Fig.(5-43), where the ratio of the drying rate
of a sphere with pores in radial direction and the drying rate of
a sphere with pores in parallel direction is given in dependenee on
the ice fraction still present. The calculated relationship is independent of sphere radius, ice fraction, ice front temperature,pore
radius and chamber pressure. From Figs.(S-42)-(5-43) it follows that in
. 1.0

Fig. (5-42)

Ca~au~ated

variation of the fraationa~
·amount of iae of a drying
spheriaa~ granu~e with
time. The pore radius
r 0 (um) and the direction
of the pores are taken as
parameters. Iae front
temperature
-2ooc.
PwJ
0.25 mm Hg.
Ro = 0.1 am.

=

0.4

=

--pores in p-ara~~e~
direction
----pores in radia~
direction

0.2

.50
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Fig. (5-43) Calaulated variation
of the ratio of the drying rate
nw,rad of a spheriaal granule with
pores in radial direetion and the
drying rate nw par of á spheriaaZ
granule with p~res in paralleZ
direation, with fr>aationaZ amount
of iee Xt in the granule. Iee
front temperature is aonsta~t.

2

1

good approximation the drying rate of a sphere with parallel pores
can be calculated by means of the simple model of the drying rate
of a sphere with pores in radial direction if in this calculation
the mean radius of the pores is taken one third of the actual ice
crystal radius in the spherical granule.
The effect of mean pore radius on the drying rate of a sphere
with parallel pores and constant surface temperature is given in
Fig.(S-44). It is clear from the figure that a higher surface

20

15

Fig. (5-44) Calaulated
effect of por>e radius
on the drying rate nw,par
and aorresponding iae
front temperature T] of
a spheriaal granuZe with
por>es in paralleZ direetion and constant surface temperatur>e. Parameter is the sur>faee temperature T3 (OC~·InitiaZ
dissoZved solids eonten~
20.0 wt%. Pw3
0.25 mm
Hg. R 0 = 0.1 am. Xt
0.5.
Àd = 4.15 10 -5 aaZ/am°Cs.

=
10

=

·s

0 '---'---"----'----'----'----'----'---"---"----'- 3 0 .
0
5
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15
20
25
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rates at constant ice front temperature, the figure shows only
a slight increase in drying rate with increasing mean radius of
the pores. The calculations were made using the basi.c eqs. (5-75)
and (5-77). At constant surface temperature the ice front temperature, at the moment the fractional ice loss is 50%, is higher for
· smaller pore radii. It should be noted that in the case of constant
surface temperature the ice front temperature changes slightly
with progress of drying notwithstanding the fact that the heat
conductivity of the porous part is taken constant in the calculations.
From eqs.(S-68), (5-72) and (5-73) it fellows that for bath
spheres with radial pores and spheres with parallel pores at
constant ice front temperature the drying time is proportional
to the square of the radius of the sphere.
5.3.7.4 Effect of drying conditions and physical properties on
volatile retentien
From eqs.(S-47) and (5-55) it is evident that the final aroma
retentien of a slab or a sphere after complete drying increases
with an·increase in~~ and a decrease in A. The value of $~ depends
on temperature, the properties of the dissolved solids and the
aroma molecules. According to eqs.(5-28) and (5-58) the value of
A depends on ice front temperature T1 , mean pore radius r 0 , mean
velocity of retreat of the ice front V, critical relative humidity
RHcrit' porosity E, and pseudobinary aroma diffusivity Da. For
different chamber pressures (water vapour only) and constant values
of E,RH~rit and Da the calculated effect of the ice front temperature
100
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and the mean pore radius on the value of A for a slab with heat
supply to the ice front via the frozen part is shown in Fig.(5-45)
and Fig. (5-46). In these calculations the value of V is obtained

from
0

V

ZKMW(Pwl-Pw3)

(5-92)

LRT1pic~

For the relationship between the saturated water vapour pressure
and the absolute temperature T, necessary to calculate RHy=x'
is used
(PS = mm Hg, T = °K)
(5-93)
9 exp(-5523.5/T)
w
10
For the relationship between equilibrium water vapeur pressure and
ice front temperature the same equation ~as used as mentioned in
sectien 5.3.7.1. The theoretically predicted effects of the most
important process parameters on the aroma retentien after drying
will be compared with experimentally observed effects of process
parameters on the retention.

P! = 2.8033

Initial dissolved solids aoncentration

.

For constant pore radius an increase in ini~ial dissolved solids
concentratien results in a decrease in E and a decrease in A.
It then follows from the theory that the aroma retentien increases
with increasing initia! dissolved solids concentration. A similar
effect of the initia! dissolved solids content has also been found
èxperimentally.
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Chamber pressure

Generally a decrease in chamber pressure corresponds with a
decrease in water vapour pressure above the drying slab and for
the Poiseuille flow region in a decrease in resistance to.mass
transfer of the already dry part of the slab. At a constant ice
front temperature both factors result in an increase in the velocity
of retreat of the ice front (see Fig. (5-39) and Fig. (5-40)). This
means that volatile retention increases with decreasing chamber
pressure, which effect has also been observed experimentally.
Freezing rate

For constant initial dissolved solids concentratien and ice
front temperature an increase in mean pore radius results in an
increase in mean velocity of retreat of the ice front. As already
shown by eq. (5-58), Fig.(5-45) and Fig. (5-46), both factors result
in a decrease in A and thus in an increase in retention. Because
a large pore radius can be obtained at a low freezing rate of the
sample, the theory prediets an increase in the aroma retention
with decreasing freezing rate. This has also been observed experimentally.
MoZeauZar weight of aroma moleauZes
Theoretically an increase in molecular diameter of the aroma
molecules is related to a decrease in the molecular diffusion
coefficient as well as to an increase in the encapsulating factor
~~. Botheffects tend to increase retention. The increase in retentien with increasing molecular weight of,the volatile component has
been confirmed experimentally.
MoZeauZar weight of dissoZved soZids moZeauZe

The change in molecular weight of the dissolved solids affects
both the diffusivities of the volatiles and water, and the value
of the encapsulating fraction ~ a0 • On the one hand it can be
expected that formation of micro-regions, in which volatile components are immobilised, is favourably influenced by lowering the
mean molecular ~eight of the dissolved solids molecules. On the
other hand, a deèrease in molecular weight of the dissolved solids
component mostly results in an increase in the diffusion coefficient of
the volatile component Da in the matrix phase between the microregions and in a decrease in selectivity. ~rom the experimentally
observed results ~t follows that at high ice front temperature a
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decrease in molecular weight of the dissolved solids molecule
resul ts in a deçr.ease in volatile retentien,

~·hereas.

at loK ice

front temperature a decrease in molecular weight results in an
increase in volatile retention.
Ice front temperature

The effect of the ice front temperature on volatile reitention
is somewhat complicated. Fig. (5-45) and Fig. (5-46) show a sharp
increase in A with decreasing ice front temperature. This implies
that the relative loss of free aroma molecules from the matrix
is higher at lower ice front temperatures. It is clear that the
effect of the ice front temperature on the velocity of retreat
of the ice front V dominates the effect of ice front temperature
on the value of K • However, it should be noted that in the cal1
culations the value of the aroma diffusivity Da is taken constant.
In fact, it can be expected that Da decreases sharply with decreasing temperature. Furthermore, it is to be noted that in the
determination of the total aroma retentien the value of ~ 0
a
representing the fraction of the aroma molecules encapsulated in
micro structures, probably increases sharply with decreasing ice
front temperature. This means that, notwithstanding the relatively
higher loss of free aroma molecules from the matrix, according to
the theory the total retentien may increase or decrease with
decreasing ice front temperature.
As can be seen from the experimental results, the aroma retentien
generally increases with decrease in

ice front temperature. This

means that under most freeze-drying conditions the effect of the
0

ice front temperature on ~a and Da is strenger than the effect on V.
Slab thickness
An increase in slab thickness results in a decrease in the mean

drying rate, and, consequently in accordance with the

theor~,

in a

decrease in aroma retention. This effect has also been found experimentally.
Methad of heat transfer to the ice front

The methad of.heating the slab, viz. heat conduction via the
still frozen part of the slab or via the dry porous part of the
slab, has no effect on retentien of alcohols and acetone in

freeze~

drying malto-dextrin solutions. Compared with heat supply through
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through the frozen part, heat supply through the porous part
results in a higher drying rate of the matrix. The effect of
this higher ra.te on re tention of volatil.es 1 however 1 is probably
just compensated by the higher diffusivities of the volatiles
Q
and the lower value of ~a at a higher temperature.
5.4 General conclusions
5.4.1 Drying slabs
(a) The U.R.I.F. model gives a rather accurate description of the
drying rate of a slab frozen from one side.
(b) At constant initia! dissolved solids concentratien the mean pare
radius in the dried slab increases with decrease in freezing
rate of the solution.
(o) At constant freezing rate the mean pare radius in the dried
slab decreases with an increase in the initia! dissolved solids
concentratien of the solution.
(d) For mixtures of glucose and malto~dextrin as dissolved solids
a thin surface layer is formed during the freezing process
which has an impeding effect on the drying ra te.
(e) For mixtures of glucose and malto-dextrin as dissolved solids
the drying rate of scraped slabs is independent of the campositien of the dissolved solids.

(f) For mixtures of glucose and malto-dextrin as dissolved solids
the collapse temperature of a drying slab decreases sharply
with increase in glucose percentage,of the dissolved solids.
(g) Volatile retention in freeze-drying slabs depends on ice front
temperature, chamber pressure, molecular weight of the volatile
component, molecular weight of the dissolved solids component,
initial dissolved solids concentration 1 slab thickness, and
freezing rate. If all other variables mentioned above are taken
constant, the volatile retentien increases with:

increaaing
initia! dissolved solids concentratien (at low dissolved
solids concentrations)
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molecular weight of aroma molecule (for homologues)
molecular weight of dissolved solids (at high ice front
temperaturel, and
decreasing

charnber pressure
freezing rate
ice front temperature
slab thickness
molecular weight of dissolved solids (at low ice front
temperature)

(h) Volatile retentien is independent of the relative volatility
of the aroma molecules and the way of heat supply to the ice
front. At high initia! dissolved solids concentratien the volatile
retentien is independent of the initia! dissolved solids

concen~

tration.
5.4.2 Drying layers of granules
(a) At constant initia! dissolved solids concentratien and chamber

pressure the drying rate of a layer of granules is independent
of mean partiele diameter.
(b) At constant initia! dissolved solids concentratien the drying
rate of a layer of granules increases with decreasing chamber
pressure.
(c) At constant chamber pressure the drving rate of a layer of granules
increases with decreasing initia! dissolved solids concentration.
(d) At constant initia! dissolved solids concentratien and chamber
pressure the drying rate of a layer of granules generally increases
with increasing layer thickness.
(e) Volatile +etention in freeze drying layers of granules depends
on layer thickness, mean partiele diameter, initia! dissolved
solids content, molecular weight of.the volatile component, and
chamber pressure. If all other Vdriables are taken constant, the
volatile retentien increases with;
increasing

initia! dissolved solids content
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mo~eeu~ar weight of aroma moleeu~e (for homologues)
mean partiele diameter (for low initial dissolved solids
concentrations) and

decreasing
thiekness
ehamber pressure
mean partiele diameter (for high initial dissolved solids
concentrations).
~ayer
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APPENDIX (2-1)

Gas chromatographic determination of the volatile concêntration
For the gas chromatographic determination of the concentratien of the aroma components in the liquid or dried carbohydrate
samples the volatiles had to be separated from the non-volatiles.
For this purpose dry samples were dissolved in water to a concentratien of about 20 wt% dissolved solids. Aqueous samples with
a higher dissolved solids concentratien than 20 wt% were diluted
with water to a salution of about 20 wt% dissolved solids. Each
aqueous sample was frozen in a stop cock battle by partial immeraion in liquid nitrogen. Thereupon the flask containing the frozen sample was connected to vacuum distillation apparatus. After
evacuation the distillation apparatus was hermitically closed
from the environment. The sample was melted and the volatiles
were separated from the non-volatiles by distilling about 50%
of the water present. It can easily be shown from simple calculation that for relative volatilities higher than 8 (weight basis)
more than 99.5% of each volatile component is collected in the
distillate. An internal standard was added to the distillate.
Ethyl acetate was added if acetone was used as volatile component;
n-butanol was added if methanol, n-propanol and n-pentanol were
used as volatiles; methanol was added to the distillate if n-butanol, i-butanol and t-butanol were used as volatiles. The distilled
samples with the internal standard were analysed on a Becker gas
chromatograph, provided with a flame ionization detector. For the
determination of the alcohol concentrations a

(copper) column

with a lengthof 400 cm, an internal diameter of 0.4 cm and packed with 80-100 mesh Chromosorb solid support with 10 wt% PEGS was
used. The eperating temperature of this column was I00°C. For the
determination of the acetone concentrations a capper column of
the same dimensions and packed with Parapak

s

was used. The epera-

ting temperaturè .of this column was 220°C. Nitrogen was always
used as carrier gas. The peak areas on the recorder output of the
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gas chromatograph were determined by means of an electrical or
electronic integrator. It was observed that the peak areas were
proportional to the concentrations of the corresponding volatile
components. The inaccuracy of the gas chromatographic analysis
was less than 3%.
APPENDIX (2-2)

Mathematica! model of the desorption process of volatiles from
the frozen materials
Model [oP volatile losa [rom a homogeneaus slab
The general one-dimensional diffusion equation for the transport of a volatile component in a slab perpendicularly to the
main slab surfaces is given by
(A-1)
where z is coordinate in the direction of transport, and t is
· the time. Fora slab bounded between z = -Li and z = Li, where
Li is half the slab thickness, the initia! condition of eq.(A-1)
iS

ca

= c ao

-Li < z < Li

t

0

(A-2)

t > 0

. (A-3)

t > 0

(A-4)

The boundary conditions of eq. (A-1) are
ca = 0

z = + Li

:~a = o·

z

=0

From the salution of eq.(A-1) {S4) it follows that the.aroma
retentien AR, i.e. the ratio of the mean volatile concentratien
at t~e t, ëa, and the initia! volatile concentratien cao' is
only a function of the Fourier number Fo
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ëa /C ao

AR

=

1-f~(Fo)
~

(A-5)

where Fo is defined as
Fo = D t/L~
a

(A-6)

~

The value of f~(Fo)is shown in Fig. (A-1).
~
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Model for voZatile Zoss from a layer of granuZes
The volatile loss from a layer of granules is the sum of
the volatile loss from each individual particle. Two types of
partiele will be considered.

Spherical partieles
The general diffusion equation for the transport of a volatile component in a homogeneaus sphere with radius Li is given by
ac a

at

z

-2

a
Da

az

z

2 ac a

(A-7)

äZ

with the initial condition
ca

cao

0 <

z < L.1.

t

0

(A-8)
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and the boundary conditions

c

a

= 0

z = Li

t > 0

(A-9)

z = 0

t

> 0

(A-10)

ac

a
rz- = 0

From the solution of eq. (A-7) (E4) it fellows that for a
spherical partiele of radius Li the aroma retentien AR can be
presented by
AR

= 1-f~ (Fo)

(A-11)

1

where Fo is defined by eq.(A-6). The value of f~(Fo) is given
in Fig.(A-1). The total aroma retentien AR of a layer of granules
can now easily be calculated from
n

AR=~ w1 [ 1-f~ (Fo8

(A-12)

i=1
where nis the total number of weight.fractions.
Cubical particlee

If the total surface is permeable to volatile components,
the aroma retentien of a cubical partiele (side 2Li) is given
by (55)
.

AR =

~-G: (Fo)J

3
(A-13)

Similarly as in the case of spherical particles, the total aroma
retentien of the layer of cubical granules can be expressed by
AR

(A-14)

From the values• 9f f~ and f~ it can easily be shown that the
aroma retentien - time curve, calculated from eq. (A-12)', is almost equal "to the aroma retentien - time curve calculated from
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eq.(A-14). It should be noted that for the same value of Li the
volume of the individual

partic~es

is smaller for spherical than

for cubical particles.

APPENDIX

(2-3)

Determination of the concentratien of radioactively labelled
acetone
The concentratien of radioactively labelled acetone (c

14

) was

determined by means of a liquid scintillation counter. To eliminate effects of dissolved solids concentratien on the counting
efficiency, the acetone was separated from the dry or aqueous
sample by means of vacuum distillation. Distillation was performed in a similar way as has already been described in Appendix (2-1).
To 1 cm 3 of the acetone water mixture of the distillate 8 cm 3
of a seintillater salution was added, containing 10 g 2,5diphenyloxazole, 0.5 g 1,4-bis-2-(4-methyl-5-phenyloxazolyl)benzene and 50 g naphtalene in 1000 cm 3 dioxanecellosolve
· (5:1)

(56). For obtaining readily reproducible measurements with

the liquid scintillation counter it was necessary that the total
radioactivity of the acetone in the sample was more than 0.1 flC.
In that case the inaccuracy of the acetone concentratien analysis
was less than 3%.

APPENDIX (2-4)

Water sorption isotherms of aqueous Li.Cl salution and of cellophane
The water sorpt.ion isotherm of aqueous LiCl salution at 25°C
is shown in Fig. (A-l) where the equilibrium relative humidity RH
is given in relation to the water fraction, expressed as g water/
g LiCl ( 5?} • From Fig. (A-1) and the water concentratien dependenee
of the density Qf the aqueous salution (57) the RH can be calculated in dependenee on the water concentratien Cw of the salt solution.
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The water sorption isotherm of cellophane was determined by
means of equilibrium experiments with saturated salt solutions.
Graphically the results of these experiments are represented
in Fig. (A-l) where the equilibrium rel a ti ve humidi ty RH is gi ven
in dependenee on the weight fraction of water in the cellophane,
~· Using the relationship
(A-1)
the RH can also be calculated as a function of the water concentration Cw in the membrane. From the assumption of no volume contraction upon sorption of water it can easily be derived that p
0
is given by
(A-2)

where p 00 is the density of dry cellophane-(=1.5 g/cm 3 ). Por the
thickness o of the membrane can be derived

o = o0
where
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o0

(1-X
--w+X
--w p co /pw)/(1-X
--w )

is the thickness of the dry membrane.

(A-3)

APPENDIX ( 2-5)

Acetone sorption isotherms of aqueous LiCl salution and of
cellophane

Aaetone sorption isotherm of aqueous LiCi solution
E:x:perimental
The experimental set-up used for measuring the acetone sorption
isotherm of aqueous LiCl salution consisted of two glass vessels
of 50 ml each. Vessel I was filled with about 10 ml of the aqueous
LiCl solution, Vessel II with about 10 ml water containing a small
amount (less than 2 wt%) of radioactively labelled acetone. The
solutions in both vessels were frozen to about -80°C by partial
immersion of the vessels in liquid nitrogen. After freezing, the
vessels were gas-tight connected to a glass tube with a length of
10 cm and an inner diameter of 2 cm. To reduce the resistance to
mass transfer in the gas phase, both vessels were evacuated to a
pressure below 0.1 mm Hg via a valve in the middle of the tube.
After evacuation, vessel I, containing the aqueous LiCl solution,
was thermostated at 25°c, while vessel II, containing the wateracetone mixture, was thermostated at a temperature corresponding
to the dew point temperature of the air above the LiCl salution at
phase equilibrium. To eliminate resistance to rnass transport in the
solutions, the liquid in both vessels was stirred vigorously by
rneans of a magnetic stirrer. After reacHing of phase equilibrium,
the vacuum was broken and using a syringe samples were taken from
the liquids in both vessels and analysed for acetone concentratien
(Appendix (2-3)).

Results
In Fig.(A-1) the ratio of

th~

acetone concentratien in the

water-acetone mixture C
and the acetone concentratien in the
a,w
aqueous LiCl salution C
is given in dependenee on the equilibrium
a,s
relative hurnidity RH of the salt salution at 25°C. As has been ob-
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served experimentally, for acetone concentrations less than 2 wt%
the value of Ca,w /C a,s is independent of the acetone concentration.
The figure clearly illustrates that the ratio of Ca, w and Ca, 5
increases with decreasing RH. From the graph an empirical expression for the relationship between ca, w/Ca, s and RH can be derived,
viz.
C

a,w

/C

a,s

=

(24)10- 1 • 38 RH

0.20

~

RH

~

1.00

(A-1)

The equilibrium acetone concentratien above the water-acetone
mixture in the gas phase C'a,w is given by
C'
a,w

= y a x*a,wC's
a,w

(A-2)

*
where ya is the activity coefficient of acetone in water, Xa,w
is the molecular fraction of acetone in water, and C'a,5 w is the
saturated acetone concentratien in the gas phase. For low acetone
concentrations the relation between Ca.,w and x;,w is given by
(A-3)

Mw

where Ma is the molecular weight of acetone and
is the
molecular weighu ~f water. From eqs. (A-2) and (A-3) it follows
that
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(A-4)
The activity coefficient Ya is dependent on temperature. In
Fig.(A-2), y

is given in relation to the square of the 'recia
.
procal absolute temperature as obtained from values in the
literature (67). Extrapolation of the graph to lower temperatures

provided also values of Ya at temperatures between 0 and 25°C.

7r------------,

Fig.(A-2) Effect of temperature on the
aativity aoeffiaient of aaetone at infinite diZution in water.
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Using these values and the relationship between the saturated
acetone concentratien in the gas phase and the temperature (67),
the right-hand side of equation (A-4) can easily be calculated
in dependenee on temperature or on RH with respect to a temperature of 25°C. A good empirical relationship between H
and
a,w
RH is given by the equation
H

a,w

(1.5 + 11 RH)10- 4

0

~

RH

~

1. 00

(A-5)

At phase equilibrium of the liquids in·both vessels there is no
acetone concentratien gradient in the gas phase * ). This

C'a,s

C'
a,w

mea~s

(A-6)

where C'
is the equilibrium acetone concentratien in the gas
a,s
,
phase above the aqueous LiCl solution. From eqs. (A-1) and (A-4)-.
(A-6)

*)

i t follows that

It has to be noted that in fact a small difference between
both equilibrium acetone concentrations in the gas phase
exists owing to thermal diffusion.

??'7

c~,s

Ha,s Ca,s

(A-7)

where Ha,s is given by
H
a,s

Acetone

=

(36+264 RH)lo- 1 • 38 RH- 4

so~ption

isothe~m

0.20 ~ RH ~ 1.00

(A-8)

of ceZZophane

E:x:pe~imentaZ

The acetone sorption isotherm of cellophane was determined
with almost the same experimental set-up and by the same procedure as was used in measuring the acetone sorption isotherm
of the aqueous LiCl solution. Vessel I, filled with about 5 g
of cellophane in the form of smal! pieces uniformly dispersed
over the whole volume, was thermostated at 25°c. The temperature of vessel II, containing a water-acetone mixture, was kept
constant at a temperature below 25°C. After phase equilibrium
between the water-acetone mixture in vessel II and the cellophane
in vessel I was attained, the vacuum was broken. Thereupon vessel I was disconnected from the glass tube, and by means of a
syringe with a needle it was filled with 30cm3 pure water in
order to extract the acetone out of the cellophane. After 24 hrs
a sample was taken from the extract and analysed on acetone concentration together with a sample from vessel II which was taken
directly after vacuum break.

ResuZts
From experiments performed without cellophane it can be observed that the amount of acetone adsorbed at the glass wall of vessel I can be neglected with respect to the amount of acetone absorbed by the cellophane. In Fig.(A-3) the experimentally determined ratio of xa,w' i.e. the !eight fraction acetone in the water, and xa,c' i.e. the weight fraction acetone in the cellophane,
is shown in relation to the relative humidity of the cellophane.

Fig. {A-3) Ratio of weight fPaction
acetone in wateP and the cOPPesponding
equitibPium weight fPaction acetone in
the membPane in dependenee on the
equiZibPium Pelative humidity of the
aellophane at 25oc.
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From the figure it follows that as a near approximation the
relationship between X
/X
and RH is given by the equation
a,w a,c

X

a,w

/X

a,c

=

4.58 RH- 1 • 62

0.20 < RH < 0.97

(A-9)

Because at low acetone concentrations X
= Ca,w jp w and
a,w
C
/p
,
eq.(A-9) can also be written as
a,c
a,c c

X

ca,w = 4.58 RH-1.62
ca,c
PcfPw

(A-10)

(A-5), and (A-1_0), and the fact that C'
is
a,w
equal to the acetone concentratien in the gas phase above the

From eqs. (A-4),
cellophan~

C'a,c , it fellows that

Ha,c Ca,c

C'
a,c

(A-ll)

where H

a,c is given by
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H

0.20 < RH < 0.91

a1c

(A-12)

APPENDIX ( 2-6)

Calculation of the pseudo-binary acetone dif.fusion coefficient
in cello~hane from experimental results
The transport of acetone in diffusion cell I is depicted
schematically in Fig.(A-1). The mass flux of acetone through the
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Fig.(A-1) Diagramrnatic representation of thë diffusion process
in diffusion cell I.
membrane in the absence of a water flux is given by eq.(2-56).
The acetone concentrations in the membrane at the cellophane-gas
interfaces Ca, c , 1 and ca c, 2 are in phase equilibrium with the
1
acetone concentratien of the salt salution in chamber I (Ca,s, 1 >
and the acetone concentratien of the salt salution in chamber I I
'
(Ca s 2 ) respectively, according to the equations (Appendix(2-5))
I

230

I

Ca,c,l

= Ha,s Ca,s,l /Ha,c

(A-1)

Ca,c,2

Ha,s Ca,s,2 /H a,c

(A-2)

The total mass balance for acetone in the diffusion cell is
W1C0a,s,1

= W1 Ca,s,1 +W 2Ca,s,2

(A-3)

where w is the volume of the salt salution in chamber I, w is
1
2
the volume of the salt salution in chamber II and c 0a,s, 1 is the
initial value of Ca,s, 1 • The flux of acetone through the membrane
is also given by
W dC
N = _ _!
a,s,1
a
AA dt

(A-4)

whereAAis the membrane surface available for acetone permeation.
From eqs.(2-56) and (A-1)-(A-4) it fellows that
dC
W
a,s,1
1 dt
-

(A-5)

Salution of eq. (A-5) with the initial condition

c a,s,1

co

a,s,1

t=O

(A-6)

yields
H

o

1 -w/~+l)/
t(~Î~+l/W)AAZn((
- a,s
1
2
2 1
H

1

w /w
2

1

+1} >

{A-7)
With eq. (A-7) the value of Da can be calculated from the observed
value of Ca,s,1 at time t.
APPENDIX (2-7)
Calculation of the water diffusion coefficient and the effective
binary acetone diffusion coefficient in cellophane from experimental results
The transport' of water and acetone in ditfusion cell II will
bedescribed with the aid of Fig.(A-1) where the transport process is represented diagrammatically.
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\ ' w,c,2

~

\ a,c,2

0

w,c,2

'c\ c
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C
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t t

w, c•w

ca, c~
----------

Fig. (A-l) Diagrammatia representation of the ditfusion process
in ditfusion aeZZ II.
·Diffusion aoe[[icient of

~ater

The quasi-stationary mass flux of water Nw through the membrane from chamber I tochamber I I is given by eq.(2-58). The
flux of water through the membrane is equal to the water flux
in chamber I from the surface of the salt solution to the membrane surface, as well as to the water flux in chamber I I from
the membrane surface to the bulk of the gas phase. The flux of
water in the gas phase of chamber I is given by
Nw =

k

1 (C'w,s,1 -C'w,c,l )

(A-1)

where k 1 is the mass transfer coefficient in the gas phase,
C'w,s,l the equilibrium water concentration in the gas phase at
the gas-liquid interface, and è•w,c, 1 the equilibrium water concentration in the gas phase at the membrane-gas interface. The
flux of water in the gas phase of chamber II is given by
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k2

cc'w,c,2 -c'w,b,2
· >

(A-2)

where k

is the mass transfer coefficient in the gas phase at
2
the membrane surface, C'
the equilibrium water concentratien
W 101 2
in the gas phase at the membrane-gas interface, and C' b
w, , 2 the
water concentratien in the ideally mixed bulk of the gas phase
in chamber II. The weight of the water, Uw, present in the
aqueous LiCl salution varies with time t according to

(A-3)
From a mass balance fellows for C'
w,b,2

C'w,b,2

= C'w

1

q, 2 + NwAA/Q v

(A-4)

where Qv is the volumetrie gas flow rate to chamber II and
C'

the water concentratien in this gas. The water concentrawlql 2
tions in the membrane at the membrane gas interfaces C
and
W

1C 1

1

C
are related to the corresponding equilibrium water conw,c, 2
centrations in the gas phase by the equations

C'w,c,l

H
C
w,c,l w,c,1

(A-5)

C'.

H

(A-6)

w 1 c,2

C

w,c,2 w,c,2

where the proportionality factors H,.,,c, and Hw,c, can be calcu2
1
lated from the sorption isotheDn of cellophane and the RH's at
the membrane gas interface (Appendix (2-4)). Linearization of
the sorption isotherm of the aqueous LiCl salution over a small
difference in RH results in

C'W s 1
1
1

(A-7)

H

w 1 s,1 Uw/U s +Ko

a prewhere U is the total weight of LiCl in chamber I 1 H
s
W 1S 1 1
portionality factor, and K a éonstant. H
and K can be cala
w,s, 1
o
culated from the sorption isotherm of the aqueous LiCl solution.
Substitution of eqs.(2-58)

1

(A-1)

1

(A-2) and (A-4)-(A-7) in eq.

(A-3) yields
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(A-8)
In this equation K is given by
1

ó(1-Xw)/Dw+1/(k1Hw,c,1)+1/(k2Hw,c,2)+AA/(QvHw,c,2)
(A-9)

and

K

2

by
(A-10)

Integration of eq.(A-8) with the initial condition
t=O

(A-ll)

results in
(A-12)
The water fluxes at t=O and t=t which can be obtained from eqs.
(A-3) and (A-12) are given by
(A-13)

(A-14)

Because the sorption isotherms of cellophane and the aqueous
LiCl solution are expressed in terros of RH's it is practical to
replace all gas phase concentratien c~·by corresponding RH's at
25°C according to the equation
C'w

= C'w5 RH

(A-15)

where c~5 is the saturated water concentratien in the. gas phase
at 25°C. SubstitÜtion of eqs.(A-7), (A-10) and (A-15) in eq.
(A-12) yields
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1

H

0

tln ( (RHS

where RH~

11

11

and RHs,

H

w,c,1 RH
)/(
w,c,1
))
H
2
RH 51 1- H
RH 2
w,c 1 2
q,
w,c,2
q,
1

(A-16)

are the equilibrium relative humidities

of the salt salution in chamber I at time t=O and time t=t
respectively, and RH
is the relative humidity of the air
q, 2
entering chamber II. Eq.(A-10) can be rewritten as

K =U (K -H
2

s

o

C'sRH
/(H
))/H
w,c,l w
q,2
w,c,2
w,s,1

(A-17)

From eqs.(A-1) and (A-15) it follows that the relative humidity
RH

c, 1 of the gas phase at the membrane gas interface in chamber I

is given by
RH

c,1

=RH

s,l

-N /(k C's)
w
1 w

The value of the relative humidity RH

(A-18)

c, 2 in the gas phase at the

membrane gas interfaceinchamber I I follows from eqs.(A-2),
(A-4) and (A-15)
RH

C1

2

=RH

q, 2 +NW (1/k 2 +AA/Q V )/C's
W

(A-19)

During the diffusion process the relative humidities vary
only slightly. The values of H
, H
and H
are calcuw,c, 1
w,c, 2
w,s, 1
lated from the mean values of the corresponding RH's at t=O and
t=t. With eqs. (A-9)-(A-19) the water diffusivity can be calculated
from the experimental results by means of an iteration process.
The procedure is started with (a) the assumption H
=H
,
.
w,c, 1 w,c, 2
(b) the calculation of K2 with eq.(A-17) from the mean value of
, and (a) the calH
and the values of K , U , C's and RH
w,s, 1
0
s
w
q, 2
culation of K with eq. (A-16) from the known values of t, RH~, ,
1
1
RH s, ,and RH q, 2 • Thereupon Nw, t=O and Nw, t=t are calculated from
1
eq.(A-13) and eq.(A-14) respectively. After that the mean values of
RH c,

and RH c, .are
obtained from eq.(A-18) and eq.(A-19) respec.
2 .
1
tively. These mean values are used to calculate the mean values

of H
and H
from the sorption isotherm. With the latter
w,c, 1
w,c, 2
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values more accurate values of K1 and K2 can be obtained. The
calculation procedure is repeated until no significant difference
between two successively calculated values is obtained. If the
value of K is known the value of Dw can easily be found from eq.
1
(A-9). The value of l/k +1/k 2 can be calculated from diffusion
1
cell experiments without cellophane membrane. For the interpretation of these experiments eq.(A-9) has 'to be used with the
assumptions: Dw=oo and Hw,c, 1=Hw,c, 2 • From the drying experiment
of the thin water layer the value of k 2 can be calculated. It was
found that k 1=1.5 cm/s, and k 2=2.5 cm/s.
Effective binaPy ditfusion coefficient of acetone

The flux of acetone N through the membrane is given by eq.
a
- ff
(2-62). For the calculation of
from the experimentally observed decrease in acetone content of the salt solut;ion with time
it is assumed that the resistance to acetone transport in the gas
phase can be neglected with respect to the resistance affered by
the cellophane membrane. Because the transport in the diffusion
cell is quasi-stationary, the amount of acetone present in the
aqueous salt salution in chamber I changes with time according to

o:

{A-20)

where Ua is the total weight of acetone present in the aalt solution at time t. The acetone concentration c~,b, 2 in the gas phase
of chamber I I is given by
(A-21)
The acetone concentration in the membrane at the membrane gas
interface in chamber I is given by
c

a,c,l

= Ha,s,l

C
Ha,c,l a,s,l

= Ha,s,l

U

a

Ha,~,l wl

(A-22)

where w1 is the volume of the liquid in chamber I. H
and H
vary
a,s
a,c
with the relative humid1ty of the gas phase only (Appendix (2-5)).
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During the diffusion process

w1

is not constant. If we neglect

volume contraction upon mixing LiCl with water we can write
(A-23)
where W~ is the volume of the salt salution at time t=O. The
relation between C' b
and C
is given by
a, , 2
a,c, 2

ca,c,2

=

I

/H

(A-24)

,b,2 · a,c,2

Substitution of eqs. (A-21)-(A-24) and (2-62) in eq.(A-20)
results in

dU a
dt

0

pH
u a /(pwW01+Uw-Uw )
w
a
s,
1
+ ~~~~~~f~f~~~--~---------H

a,c, 1

o/(Öe

a

AA)+H

a,c, 1

/(Q

H

v a,c, 2

(A-25)

0
)

Eq. (A-25) can easily be solved if a new variable

s is defined as
(A-26)

Substitution of eqs. (A-12) and (A-26) in eq.(A-25) yields

(A-27)
with
(A-28)
(A-29)
K

5

K

1 [aa,c,1 of (ÖeffH
a
a,s,1 AA)+H a,c,1 / (Qv Ha,c,2 Ha,s,1

>]

(A-30)
The salution of eq.(A-27) with the initia! condition

s =
becomes
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1

(t = 0)

(A-31)

(A-32)

With eq.(A-32) the effective binary acetone diffusivity can be
calculated from the experimental results. The values of H
,
a,c, 1
H
and H
are determined from the mean values of the
a,c,2
a,s,l
corresponding RH's.
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APPENDIX (2-8)
Results of the experiments performed in diffusion cell II

u0a

Ua

8.093
6.510

7.640
5. 720

(l0- 3 g) (l0- 3 g)
30.3
39.2
26.8
15.3

8.051

7.769

35.7

(g)

(g)

14.9

0
W

(cm 3 )

Qv
(cm3 /s)

8.338
6.728

46
46

8.291

23

t

RHq, 2 RHs,l

'

RH?s, 1

(%)

(%)

130 301
56 700

87.5
87.5

93.6
92.6

93.9
93.6

72 900

92.0

93.7

93.9
93.7

(s)

(%)

6.310

5.970

12. 1

3.8

6.499

23

78 300

92.0

93.4

10.175

10.105

49.2

35.2

10.480

46

22 500

92.5

93.8

93.9

8.670

8.552

30.3

15.8

8.922

46

55 800

92.5

93.7

93.8

7.215

7.140

13.3

8.2

7.420

46

28 800

92.5

93.6

93.7

95.5

93.9

93.6

5. 816

5.967

6.6

1.6

5.982

46

88 200

8.989

9.425

44.5

7.5

9.263

46

84 600

96.0

94.2

93.9

11.845

11.353

68.5

32.2

11.914

46

24 598

89.5

100.0

100.0

7.890

7.390

28.4

20.0

7.918

46

18 598

89.0

100.0

100.0

9.940

9.600

59.7

14.0

10.000

46

28 800

98.0

100.0

100.0

8.300

7.702

12 .1

1.5

8.312

46

68 400

98.0

100.0

100.0

12.460

12.270

70.5

34.5

12.531

46

15 600

96.0

100.0

100.0

10.860

10.368

30.5

2.5

10.891

46

57 600

96.0

100.0

100.0

5.040

3.020

28.6

12.1

5.069

46

56 700

88.5

100.0

100.0

8. 320

6.883

38.2

29.0

8.358

46

39 600

83.0

100.0

100.0

5.600

3.740

23.7

11.6

5.624

46

50 400

83.0

100.0

100.0

9.330

8.743

33.0

20.0

9.363

46

25 200

88.0

100.0

100.0

7.250

5.670

16.5

5.8

7.267

46

57 600

88.0

100.0

100.0

7.690

6.570

54.6

37.4

7.745

46

37 800

82.5

100.0

100.0

12.120

10.900

58.4

51.1

12. 178

46

25 800

78.0

100.0

100.0

9.280

6.400

43.5

29.3

9.324

46

63 000

77.5

100.0

100.0

8.771

10.893

49.8

14.0

9.437

46

54 900

99.0

85.9

81.4

8.946

9.926

64.2

27.9

9. 528

46

30 600

99.0

86.7

84.9

10.440

10.827

41.8

10.825

46

30 600

99.0

93.5

93.3

9.298

9.927

34.2

13.0

9. 778

46

27 000

99.0

89.8

89.0

8.014

11.115

30.9

3.4

8.606

46

86 400

99.0

87.8

81.3

8.81

8.287

9.485

32.4

22.3

8.910

46

29 700

99.0

84.4

81.2

8.165

10.246

19.2

4.0

8.689

46

55 800

99.0

88.2

84.4

9.432

10.076

33.7

13.5

9.919

46

29 700

99.0

89.8

89.0

8.700

9.829

11.7

3.6

9.077

46

55 800

99.0

91.3

89.8

9.450

9.878

38.6
'

20.2

9.837

46

29 700

99.0

92.2

91.7

thiekness of the dry membrane: 40 ~m
density of the dry membrane: 1.5 g/cm 3
2
membrane surface available for permeation: 23.75 am
temperature: 25°C
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APPENDIX (3-1)

:Effect of equilibrium relative hwnidity at the drying surface on
. drying rate and surface temperature of a non-gelled slab

A diagrammatic representation of the drying process of a nonsgelled slab is shown in Fig.(A-1). The water flux, Fw' at the
ssurface relative to the retreating gas-liquid interface is given
~Y eq. (3-1). The quasi-stationary heat flux Q. to the evaporating

Fig.(A-1) Diagramrnatic
representation of a drying
non-gelled slab.

---

'~--------~------------~
0
L

T

z

surface is given by the equation
(A-1)
where h is the heat transfer coefficient in the gas phase, Ta the
drying air temperature, Tz=L the temper~ture at the slab surface,
face, À the effective heat conductivity in the slab and L the thickness of the slab. Since the internal circulation streams are mainly
localised in the neighbourhood of the drying surface, the influence
of the internal circulation stream on the transport of heat is only
slight. This means that À can he taken equal to the molecular ther;mal conductivity of the slab. The heat flux Q is coupled to the
·evaporation rate Fw by

Where öHw is the heat of vaporisation of water. The heat and mass
.:.transfer coefficients are related by
24!0

(A-3}

kp 1 C 1
p

h

where p' is the gas density and C' the specific heat of the gas
p
phase. The equilibrium water concentratien in the air at the interface is given by
(A-4)

C!

J., w

where RH is the equilibrium relativa humidity at the drying surface and K and K are constants which can be obtained from the
6
7
Clausius-Clapeyron equation for the saturated vapour pressure of
water. Combination of eqs.(3-1) and (A-1)-(A-4) results in

+p I

cp (T a -T z=L )
I

= 0

(A-5)

At t = 0 the water concentratien at the surface is so high that
RH
1. From eq.(A-5) and the experimentally observed initial
drying rate Fw,t=O the value of Tz=L can be obtained via an
iteration process. Then the mass transfer coefficient k can
be calculated from eqs. (3-1) and (A-4). If the mass transfer
coefficient k is known Fw and Tz=L can be calculated in relation to the equilibrium RH at the drying surface. It has to
be noted that with progress of drying the thickness of the
slab and the mean water concentratien in the slab will decrease.
A decrease in mean water concentration, however, results in
a decrease in À. In the calculations the value of À/L is,
therefore, taken constant.
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APPENDIX (3-2)

Results of the drying experiments with slabs
t

= time (minutes)

'l'

= temperature (0 c)

x8

= weight

RH

= relative humidity of the drying air (t)

AR 1

=

AR

• retention of n-propanol (%)

AR

3

percentage dissolved solids (\)

retention of methanol (%)

• retention of n-pentanol (%)

5

weight of the drying slab (g)

G

non-gelled elabs: Run 1 -Run 22. Initial slab thicknese ie 0.242 cm.
Slab euPface ie 10.8 cm 2 •
Run 23- Run 30. Initial slab thickness ie 0.2SO cm.
Slab lluPface ie 12.0 cm 2 •

gelled .Zab11:
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Run 26
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Run 28

Run 29
Run 30
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1
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APPENDIX (5-1)

Heat transport to the ice front of a spherical granule having
earallel pores and constant surface temeerature
In Fig.(A-1) a cross-section of the drying sphere is shown. The
amount of heat dq passing through the ring-shaped part of the surface

\

~-Fig.(A-1)
in

2 1/2

(2xPR0 -xp)

C~ose-eeation

pa~aZZeZ di~eation.

of a d~ying sphe~iaaZ g~anuZe ~ith pores

of the sphere (radius r) defined by the intercepting circles of two
coaxial cones with their apices (90-6) 0 and (90-6-d6) 0 of the centre
of the sphere is given by
(A-1)
Because dq is independent of r, eq.(A-1) can be integrated between
the boundaries p ~ r ~ R0 and T1 ~ T ~·T 3 , p being the distance
between the centre of the sphere and the surface of the ice core
in the direction which makes an angle a with respect to the direction of the pores
dT

or
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(A-2)

(A-3}
The total amount of heat which is transported to the ice front can
be found by integration of dq over the who1e surface of the sphere.
However, integration of eq. {A-3) is on1y possib1e if p is expressed
as a function of 8. From Fig.(A-1) fol1ows
2 2 1/2
(R-e )
-(R -x )
0
0
p
1/2
(e2+b2)

b

p

(A-4)
(A-5)

c6s8 = e/p

(A-6)

= b/p

(A-7)

sin8

Substitution of eqs. (A-4), {A-6) and {A-7) in eq. (A-5) results in
p 2+2(R0 -x p )psin8-x p (2R0 -x p )

(A-8)

0

Substitution of
p/R

0

(A-9)

=V

=w

xp /R0

(A-10)

in eq. (A-8) results in
.
Sl.n8

=

w(2-w)-v 2
2 (1-w) v

(A-ll)

Differentiation of eq.(A-11) gives
cosede

=

-w( 2-w>-;
2(1-w)v

2

dv

{A-12)

Substitution of eq.(A-12) in eq.{A-3) resuLts in
dq

=

21TRoÀd (T1-T3) [..:.w(2-w)-v 2]
dv
(1-1/v)
2(1-w)v2

(A-13)

The tota1 heat transport q to the ice front at time t fol1ows by
integration of eq. (A-13) between v = w (corresponding to p = x }
1/2
1/2
.
2 1/2
p
and v = w
(2-w)
(correspondl.ng top= (2x R -x)
).
p 0

p
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SYMBOLS USED *)

AR
a
C

c*
Cd
CP
D
o*
D0
d
Ea
F
Fd
Fg
Fo
f
g

Ha
AH
h

h
K

k
L
],

M
N

Nu
nw
p

Pr
Q

q
R

246

aroma retentien (-)
activity (-)
mass concentratien (g/cm 3 )
molecular concentratien (mole/cm 3 )
drag coefficient (-)
specific heat (cal/g0 c)
diffusion coefficient (mass basis) (cm2 /s)
diffusion coefficient (molecular basis) (cm 2 /s)
constant in Arrhenius equation (cm 2/s)
diameter (cm)
energy of activatien (cal/male)
mass flux at the surface relative to the surface (g/cm 2s)
drag force (g cm;s 2 )
gravitational force (g cm;s 2 )
Fourier number (-)
fractional loss (-)
acceleration of gravity (cm/s 2 )
Henry coefficient (cm 3/g)
heat of evaparatien (cal/g)
heat transfer coefficient (cal/cm2s 0 c)
length below ice front (cm)
permeability (cm 2 /s)
mass transfer coefficient (cm/s)
thickness (cm)
length above ice front (cm)
molecular weight (g/mole)
mass flux (g/cm2 s)
Nusselt number (-)
total mass flux of water (g/s)
pressure (g/s 2 cm)
Prandtl nWJ!ber (-)
heat flux (cal/cm2s)
total heat flux (cal/s)
gas constant (cal/mole°K)

Re

Reynolds number (-)

RH
R0

relative humidity (-)
radius (cm)

r: .
r
0
Sc
Sh
SP
T
t
u
V
W
WR
wt%
X
X*
Xt

coordinate (cm)
radius (cm)
Schmidt number (-)

x
y

z

Sherwood number (-)
partiele trajectory (cm)
temperature (0 e or °K)
time (s)
coordinate (cm)
linear velocity (cm/s)
volume (cm 3 )
water retentien (-)
percentage by weight (%)
mass fráction (-)
molecular fraction (-)
fractional amount (-)
length (cm)
coordinate (cm)
coordinate (cm)
volatility of aroma component relative to water (-)
activity coefficient (-)
wal! thickness (cm)
porosity (-)

n

dynamic viscosity (g/cm s)

A

mean free path (cm)
heat conductivity (cal/cm0 e s)
thermodynamic potential (cal/mole)
thermodynamic potential in the standard state (cal/mole)
density (g/cm 3 )
total drying time (s)
encapsulating factor (-)

À
jl
jl

0

p

,.

<Po
a

Subscripts

a
c
er
crit

aroma component
cellophane
critica!
critica!
247

d

dry

f
i
ice
max

frozen
component i or interface
ice
maximum
t=O
parallel
relative
radial
solids
water

0

par
r
rad
s
w

Sup•rr•ecripte

equilibrium
saturated
gas phase
vector
transformed
mean value

0

s

...

•
*)

unless otherwise stated
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STELLINGEN

1. De bewering van Fritsch, Mohr en Heiss dat het aromaverlies
bij vriesdrogen bepaald wordt door de relatieve vluchtigheid
van het aromamolecuul is niet in overeenstemming met hun experimenten.
Fritsch, R., Mohr, W. en Heiss, R., Chemie Ing. Techn.,
Q, 445, (1971).
2. Het door Voilley, Sauvageot en Simatos gemeten verschijnsel
dat de fractionele retentie van laagmoleculaire alcoholen bij
vriesdrogen toeneemt met een toename van hun koncentratie in
het te drogen systeem, is in tegenstelling tot de overige in
de literatuur vermelde resultaten en dient derhalve nader onderzocht te worden.
Voilley, A., Sauvageot, F. en Simatos, D., VIII Int.
congressof Refrigeration, Commission X, Washington D.C.,
August 27-Sept.3, (1971).
3. Flink vindt bij vriesdrogen dat boven een bepaalde ketenlengte
van n-alcoholen de alcoholretentie in het gedroogde produkt
afneemt met toenemende ketenlengte. In zijn poging tot verklaring van dit verschijnsel wordt door hem geen rekening gehouden met de afnemende oplosbaarheid met toenemende ketenlengte.
Flink, J.M., Ph.D. Thesis, Department of Nutrition and
Food Science, M.I.T., (1969).
4. Inzicht in het effekt van proces parameters op het behoud van
vluchtige k~aliteitsbepalende geur- en smaakstoffen tijdens
drogen van vloeibare voedingsmiddelen, impliceert tevens kennis van' de kondities welke aangelegd moeten worden om vluchtige
ongewenste komponenten uit voedingsmiddelen te ve~~ijde~en.

5. Uit de bewering van Holdsworth, dat uit de publikaties van
Menting, Hoogstad enThijssen (J. Fd Technol., ~' 127, (1970))
en van Rulkensen Thijssen (Trans. Inst. Chem. Engrs., !I•
T292, (1969)) volgt dat het verlies van aroma komponenten bij
CQ)gg:ell·· bepaald wordt ,door de relatieve vluchtigheid, blijkt
dat hij onvoldoende· kennis heeft genomen van de inhoud van
deze publikaties.
Holdsworth,
6~

s.o.,

J~

Fd Technol, §_, 331, (1971).

De door Kessler voorgestelde methode ter berekening van de
benodigde hoogte van een sproeidroger is slechts in een zeer
beperkt.aantal gevallen van toepassing.
Kessler, H.G., Chemie Ing. Techn., 39, 601, (1967).

7. Bij het .vriesdrogen van dunne lagen bestaande uit waterige

koolhydraatoplossingen vindt Saravacos een lineair verband
tussen totale droogtijd en laagdikte. De konklusie, dat dit
verband eropwijst dat het transport mechanisme in de drogende
laag een kombinatie van zowel Knudsen diffusie als Poiseuille
stroming is, berust op een verkeerde interpretátie van de metingen.
Saravaèos, G.D., Fd T.echnology, 19, 193, (1965).
-

't,;

-·

8. Voor de bepaling van de. waterkoncentratie-afhankelijkheid van

de diffusiekoefficient is in principe slechts één droogexperiment nodig, weergevende de droogsnelheid als funktie van de
tijd.
9. Koordinatle van alle wetenschappelijke aktiviteiten op het gebied van de milieu hygiëne is een algemeen maatschappelijk
belang.

u·-9-1973

W.H.Rulkens

