
MuIticomponent Diffusion and Vapor-Liquid 
EquiIi bria of Dilute Organic Components 
in Aqueous Sugar Solutions 

S. K. CHANDRASEKARAN and C. JUDSON KING 
Department of Chemical Engineering 

Unjiversify of  California, Berkeley, California 94720 

A technique for direct measurement of the differential diffusion coefficients in a ternary 
system of water, sugar, and a dilute organic species i s  described. The individual sugars were 
d-fructose, d-glucose, and sucrose; and ethyl olcohol. ethyl acetote, n-butyl acetate, and 
n-hexanal individually constituted the dilute organic species. The four ternary diffusivities were 
obtained over a range of sugar concentrations by the use of horizontal diaphragm cells, a differ- 
ential interferometer, a flome-ionization gos-liquid chromatograph and postulation of the 
validity of the Onsager reciprocal relations. The equilibrium partial pressures of the dilute 
organic species over these solutions have olso been measured, using a vapor head space 
chromatogrophic technique. 

Two main approaches have been utilized for the deter- 
mination of multicomponent liquid diff usivities. Pseudo 
steady state diffusion through a porous diaphragm has 
been one method (1 to 4 ) ,  while unsteady state diffusion 
from an initially sharp boundary is the second ( 5  to 9) .  

In this study, the existing binary diffusion data for 
aqueous sugar solutions are used as a partial basis for a 
diaphragm cell study of diffusion in a ternary mixture of 
water, sugar, and a dilute organic species. The ternary 
diffusion data were required for the analysis of the mech- 
anism of volatiles loss during the drying of food liquids; 
that analysis is reported in the following paper. For the 
analysis one of the cross-diffusion terms is highly signifi- 
cant; hence it was necessary that cross-diffusion coeffi- 
cients as well as straight diffusion coefficients be deter- 
mined for these systems. The individual sugars were two 
monosaccharides, d-fructose and d-glucose, and one disac- 
charide, sucrose. Ethyl alcohol, ethyl acetate, n-butyl ace- 
tate, and n-hexanal individually constituted the dilute 
organic species. From a single experiment with a dia- 
phragm cell and two independent experimental measure- 
ments, together with known binary diffusion data for 
aqueous sugar solutions, the three independent ternary 
diffusion coefficients are determined. The fourth diffusion 
coefficient is then obtained from these three ternary dif- 
fusivities by the use of the Onsager reciprocal relationship. 
The variation of these diffusion coefficients with sugar 
concentration is experimentally obtained. The extent of 
nonideality of the systems is evaluated by measuring the 
activity coefficients of the dilute organic components as a 
function of sugar concentration. These data are required 
for using the Onsager reciprocal relation. 

THEORY 

The description of the diffusion flux in a binary system 
of species '4 and B requires that the diffusion coefficient 
DAB be related to the flux J A  in a fixed volume frame of 
reference by Equation ( 1 ) :  

J A  = -DAB VCA (1) 
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where C A  is the molar concentration of component A. The 
mutual diffusion coefficients DAB and DBA are equal, but 
they are concentration dependent. Equation (1) is equi- 
valent to other definitions of the Chapman-Cowling dif- 
fusion coefficient if it is assumed that there is no volume 
change upon mixing and that the system is isothermal and 
isobaric, or having zero coefficient of expansion. 

The transport process in a ternary system of species 1. 
2, and 3 can be described by means of the general equa- 
tions for the fluxes of the two solutes l and 2 in a fixed 
volume frame of reference (6, 7, 10) : 

J1 = -Dll VC1 -D12 VCZ 

1 2  = - 0 2 1  VC1 -D22 VC2 
Equations (2)  and (3)  are a generalization of Fick's 
equation for two independent diffusional flows. The flows 
are related to the gradients of concentration of two solutes 
by four diffusion coefficients-two straight coefficients D11 
and Dz2 and two cross coefficients 0 1 2  and DZl. Because 
of the volume-fixed frame of reference, J 3  is determined 
once J1 and 1 2  are known, and the flux equation for J:{ i h  

not independent. 
Equations (2)  and (3)  can now be compared to the 

Onsager reciprocal equations based on independent chem- 
ical potential gradients (10, 11). The dependence of 
chemical potential on position is caused by the local 
changes of the solute concentration C1 and C2. For a 
volume-fixed frame of reference, Miller (10) has shown 
that the diffusion coefficients of Equations (2)  and (3)  
can be related to the Onsager coefficients by the following 
equations : 

Dii = Lii A11 + Liz A21 (4a) 

D12 = Lii A12 + L12 A22 (4b) 

D21 = L21 A11 + Lz2 A21 (4c) 

D22 = L21 A12 + L22 A22 (4d) 
where Aij is a function of the chemical potential gradients, 
concentrations, and the partial molar volumes. 

The thermodynamic requirement L12 = L21 does not 
lend to the equality of the coefficients D12 and D2l. Equa- 
tion (4) can be rearranged to give the following relation- 
ship among diffusion coefficients: 

( 2 )  

( 3 )  
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Dii Aiz - Diz Aii = D22A2i - D21 A22 

If we reduce the parameters Aij given by Miller (10) 
in his Equation (79) (his a, b, c and d )  for the case of 
component 1 being present a t  high dilution, Equation ( 5 )  
becomes (12) 

( 5 )  

where y is the activity coefficient in solution, C the molar 
concentration, and V is the partial molar volume. I t  should 
be noted that this equation involves a knowledge of the 
solution non-idealities, that the quantity on the right-hand 
side is a unique function of Cz and not the gradient of CI 
or C2, and that when component 1 is highly dilute Dl2 
is directly proportional to C1. 

Several investigators (6, 8, 10, 1'3) have tested the 
validity of the Onsager reciprocal relations in various 
systems, including systems of sugars and water, and have 
found that the difference between LIZ and LZI is no more 
than a few percent. On this basis, the validity of the 
reciprocal equation was assumed in the analysis of ter- 
nary diffusion. 

EXPERIMENT 

Diffusion 
Apparatus. The stirred diaphragm cell technique was used 

for the determination of the diffusion coefficients. The cells 
were of the horizontal type described by Holmes et al. ( 1 4 ,  
15), and a number of the cells were the same as used by 
Holmes et al. ( 1 4 ,  15) and by Byers and King ( 1 6 ) .  The two 
solution compartments are horizontally opposed across a verti- 
cal fritted glass diaphragm with a nominal pore diameter of 
3 to 8 pm. Each compartment was approximately 125 cu.cm. 
in volume and was stirred by a 1-in. teflon-covered magnetic 
stirrer bar. The temperature bath and other aiixiliary equip- 
ment are also described by Holmes et al. (14, 15). Tempera- 
tures in the surrounding bath were controlled to -t 0.05K in 
all cases. 

The classical diaphragm cell equation with no net volumc 
flux across the diaphragm (17) was used with the reported 
diffusion data for the binary system of water and sucrose ( 1 8 )  
to calibrate the cells: 

where ACO and AC are the concentration differences across the 
diaphragm at time equal to zero and t respectively, and p is 
the cell constant. The term (1 - U 6 )  is a correction for 
finite hold up in the fritted diaphragm which was first pro- 
posed by Gordon [ 17). 

Only differential measurements were made, and the initial 
molar concentration difference was always below 2.2 x 10-2 
kg. sucrose/m3. Thus the density difference between the two 
cell compartments was very small and mass transfer froni frec 
convection through the diaphragm was absent (16).  The ef- 
fect of liquid viscosity over the range of 10 to 400 N-s/mZ on 
P ,  as determined by calibration with the known binary sncrose- 
water data, was found to be less than 5% with no confirnmablc 
trend, at stirring speeds of 5.8 rev./s and greater. The correc- 
tion for solute hold up in the diaphragm k/6 was less than 0.01 
for these particular cells. Furthermore, mass balance calcula- 
tions confirmed that the total amount of sugar distributed be- 
tween the cell compartments did not change with time. hlost 
of the calibrations were performed at 298 & .05 K, with some 
at a higher temperature of 308 -t .05 K. The effect of tern- 
perature Over this range on s was less than 5 % ,  with no con- 
firmed trend. 

Interpretation of Data 
Analysis of the ternary diffusion data is more complicated. 

.Assuming no net volume flux and a negligible correction term 
i . ,  the aolution of Equation ( 2 )  for the conditions of the 
diaphragm cell leads to (1, 7, 1 2 )  

( eBt - e A f  ) (8a 
ACzOBDiz 

+ AClo(A - B )  

( 8b 

and AC are the concentration differences across th where 
diaphragm frit at times zero and t respectively, p is the cell 
constant, and A and B are quantities which arise as the roots 
of an auxiliary equation. 

.- 

-C d ( D i i  - D Z Z ) ~  + 4D12D21] ( 9 )  

Direct solutions of Equations ( 8 )  would be very tedious, but 
an algebraic transformation leads to Equations (10 ) .  

For the run times used in this study, terms in Equations ( 10) 
beyond the first bracket on the right are only 2 or 3% of the 
leading terms. 
Chemicals 

Analytical reagent grade d-fructose, d-glucose, and sucrose 
crystals were used. Solutions of these individual sugars with 
distilled water were prepared with concentrations of the sugars 
ranging from 15 to 65% by weight. Some solutions were also 
prepared containing a mixture of these three sugars. Reagent 
grade ethyl alcohol, ethyl acetate, n-hexanal, and n-butyl 
acetate were used as the dilute organic species. The maximum 
concentration of these organic compounds was approximatel!. 
6.0 x 1 0 - 2  kg.-nioles/nis. 

Procedure 
One compartment of the cell was completely filled with a 

pure sugar solution. The cell was now held vertically with the 
liquid side up, and this pure sugar solution was forced through 
the diaphragm by applying a vacuum to the other empty com- 
partment to purge all the air from the pores. In other WOKIS, 
the pores of  the diaphragm were completely filled with the 
pure sugar solution containing none of the trace organic corn- 
pOnent. other compartment was washed and filled to the 
Sallle vertical level with a sugar solution of very nearly the 
Sal,le molar water concentration as the lean side, but contain- 
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ing a trace amount of an organic species. A run normally lasted 
3 to 10 days, after which time the cell contents were sampled 
and analyzed. This time duration was necessary particularly 
when high concentration sugar solutions were employed. 

Since the initial molar concentration difference of the trace 
organic species never exceeded 6.0 x 10-2 kg.-nioles/m3, the 
diffusion coefficients are differential in nature. 

The diffusion coefficients in the ternary systems, trace organic 
species (1) : water ( 2 )  : sugar ( 3 ) ,  were calculated using 
Equations ( 10a) and ( l o b ) .  It was postulated that the straight 
Onsager coefficient LZZ of water is the same as the Onsager 
coefficient of water in the binary water : sugar system under 
similar concentration conditions. This conclusion follows from 
the fact that Component 1 is so dilute that there is virtually 
no influence of 1 on 2-3 interactions. Hence gradients in chem- 
ical potential of Component 2 are unaffected by the prevailing 
level or gradient of Component 1. Thus Lz2 should reflect only 
2-3 interactions and should be the same as in a binary solution 
of the same sugar/water ratio, This statement implies that 0 2 2  
differs by no more than 1 or 2% from the binary D for the 
2-3 system. 

The coefficients Dll, 012, and 0 2 1  were calculated from 
Equations ( t i ) ,  ( l o a ) ,  and ( l o b )  by an iterative procedure. 
In these diffusion experiments, the initial concentration dif- 
ference L C ~ "  of water is less than 10% of the initial concen- 
tration difference AC10 of the dilute organic species. As an 
initial approximation, terms other than the first Dll term on 
the right-hand side of Equation (10a) are neglected, and the 
straight diffusion coefficient Dll of the trace organic species is 
computed. The cross diffusion coefficient D21 of water is then 
computed from Equation ( l o b )  after neglecting terms beyond 
the first main term on the right-hand side. In a few of the 
runs, the contribution in the first main term is as much 
as 15 to 20% of the leading D21 term. Now from knowledge 
of 0 2 1  and the nonideality of the system, the cross diffusion 
coefficient 0 1 2  of the trace organic species is computed using 
Equation ( 6 ) .  The value of the diffusion coefficient Dll is now 
further refined by substituting for the other terms in Equation 
( 10a). Similarly the value of the coefficient D21 is refined by 
rensing Equation ( l o b )  with the new value of D l l ,  and the 
value of 0 1 2  is refined through Equation (6) .  Convergence 
was generally achieved within 1 to 2 iterations. 

Analysis. For each run it was necessary to analyze the dif- 
ference in concentrations of both the dilute organic species and 
the sugar species between the two sides of the cell. A Varian 
Aerograph So.  1740 gas chromatograph equipped with a flame 
ionization detector was used to analyze the dilute organic spe- 
cies. A 150 cm Porapak-Q column was used. The column tem- 
perature was vaned from 393 to 473 K depending upon the 
particular compound being analyzed. The carrier gas was pure 
helium, and purified hydrogen and breathing quality com- 
pressed air were used for the detector flame. The dilute organic 
species content was obtained by directly injecting 2.5 mm3 of 
liquid sample. In order to prevent contamination of the instru- 
ment by sugar, a 90 mm x 6 mm pyrex capillary tube was 
inserted in the injection port of the chromatograph. This insert 
was periodically changed as the sugar charred along the inside 
of the tube. The products of pyrolysis of the sugar did not in- 
terfere with the determination of the dilute organic species, 
although some drift of the baseline of the recorder was ob- 
served at high sensitivities. The peak areas for the dilute or- 
ganic species were compared with previously determined cali- 
bration curves. At these low concentration levels, the peak 
areas were found experimentally to be linear with concentra- 
tion. 

A Carl Zeiss differential interferometer model no. G-I, sensi- 
tive to 10-7 refractive index difference, was used to analyze 
the difference in sugar concentration between the solutions on 
either side of the diaphragm cells. The calibration curve of 
interferometer reading difference in molar concentration de- 
pends upon the sugar concentration level and is linear over the 
small concentration differences encountered here. I t  should be 
noted that the difference in refractive index between the two 
solutions results in part from the difference in dilute organic 
species content as well as from the sugar concentration dif- 
ference. The dilute organic species contribution is accounted 
for from the chromatograph measurements to determine the 
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actual difference in sugar concentration between the two sides 
of the diaphragm cell. The correction to the interferometer 
reading for the dilute organic species is under lo%,  assuming 
that the effects of the different solutes upon refractive index 
itre additive. 

Activity Coefficients 

Procedure. The effect of sugar concentrations on the activity 
coefficients or the relative volatilities of the dilute organic 
components with respect to water was also studied. 50 cm3 of 
sugar solutions of various concentrations ranging from 0 to 
70% by weight were placed in 250 cm3. Erlenmeyer flasks 
sealed at the top with aluminium foil. 2.5 mm3 of each of the 
following organic components-ethyl alcohol, ethyl acetate, 
n-hexanal, n-butyl acetate, ethyl-2-methyl butyrate, and n- 
lieuyl acetate-were injected into each flask through the alu- 
minium foil. The flasks were placed in a thermostatted bath 
maintained at 298 & .05 K. After the solutions had been al- 
lowed to equilibrate, 5 cm3 of the vapor space was removed 
through the foil with a gas-tight syringe and injected as a vapor 
sample into the chromatograph. The amount of the particular 
dilute organic component present in the vapor space is a mea- 
sure of the activity coefficient or relative volatility of that com- 
ponent in the given sugar solution. 

Analysis. For vapor and liquid phases in equilibrium in two 
different sugar solutions, 1 and 2, we have (19) : 

us1 Ksi [ Lz + KszV ] 
wz K s z  Li + KsiV 

(11) 

where cs is the number of moles of component S in the vapor 
phase, and L and V are the total number of moles in the liquid 
and vapor phases, respectively. Ks is the equilibrium ratio of 
component S and can be expressed as 

-- 

7s PSO Ks = - 
P 

where ys  is the activity coefficient of component S, and Pso 
and P are the vapor pressure of S and the total pressure, re- 
spectively. 

If the activity coefficients at infinite dilution are known for 
various trace organic species in sugar-free solution, the respec- 
tive activity coefficients in concentrated sugar solutions can be 
determined from measured values of us using Equation ( 11 ) .  
Limiting activity coefficients in sugar-free solution were ob- 
tained from a variety of sources, including reported solubility 

Ethyl Acetate 
u 

1- 60 
0 20 40 

Weight Percent d-fructose in Solution 

Fig. 1. Variation of activity coefficients of 
trace organic species for d-fructose solutions. 
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Weight Percent Sugar in Solution 

C2, Concentration of Water (kg mole/m3) 

Fig. 2. Variation of ( - Y / ~ O )  for various organic 
species with respect to sugar-water composi- 

tion. 

Weight Percent Sugar in  Solution 

70 60 45 30 15 0 
I .o I I 

A d-glucose 
0 sucrose 

0.81 I I I I I I I I 
20 30 40 50 

C2, Concentration of Water (kg mole/m3) 

Fig. 3. Variation of ( Y / ~ O )  for water with respect to sugar-water 
composition, after Timmermans (221. 

measurements ( 2 0 )  and correlations of Pierotti et al. (21  ) .  
The activity coefficients in sugar solutions were calculated rela- 
tive to these limiting activity coefficients in sugar-free solution. 
These limiting activity coefficients agreed within 10% with 
independent calculations of the activity coefficient from mea- 
surements at high dilution made in the present work ( 1 2 ) .  

RESULTS 

Activity Coefficients 

The variations of the activity coefficients of three of the 
trace organic species in d-fructose solutions are shown in 
Figure 1. The measured activity coefficients for all six 
trace components in sucrose solutions have been pre- 
sented elsewhere (19). It  is apparent that the experi- 
mentally determined activity coefficients of the selected 
trace organic components increase with increasing sugar 
concentration. Furthermore, this increase is larger in d- 
fructose solutions as compared to the equilibrium behavior 
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in sucrose solutions. Glasstone and Pound (20)  have de- 
termined activity coefficients for ethyl acetate in solutions 
of d-glucose, d-fructose, and sucrose through solubility 
measurements. The agreement between their values for 
the latter two solutions, and the activity coefficients ob- 
tained in this study is good; the difference being less than 
3% at high sugar concentrations for both d-fructose and 
sucrose solutions. Glasstone and Pound (20) also found 
that the activity coefficient of ethyl acetate in d-glucose 
solutions is greater than in d-fructose solutions, and that 
the absolute difference becomes larger with increasing 
sugar concentration. 

It is possible to correlate these activity coefficients in 
sugar solutions with respect to those in sugar-free water 
solution. The ratio of the activity coefficient at a particular 
sugar-water composition -,J to the activity coefficient in 
pure water yo versus sugar-water composition expressed 
as molar water concentration C2 is resented in Figure 2. 

different trace organic solutes. The deviation of y / y o  for 
the various trace organic components from the average a( 
a particular sugar-water composition was generally less 
than 5 % .  The advantage of correlating the data in this 
manner is that the equations representing the straight 
lines in Figure 2 can be used readily in obtaining solutions 
to Equations (5) and (6) .  

Activity coefficients for water may be determined from 
reported vapor-liquid equilibrium data for sugar-water 
solutions (22). The ratio of the activity coefficient of water 
at a particular sugar-water composition to the activity co- 

Each point in Figure 2 represents t K e average for all the 

Weight Percent Sugar in Solution 
80 70 60 45 30 15 0 

0.70 - I I I I 1 1 1 -  - 

- (and d-fructose) - 
- A d-glucose (24) - 

0 sucrose (18) 
- sucrose (23) - 

- - 

- - 
Y 
00 
% 
c 
0 

% 0.10 

N i  
E 

n 
-- 
N 4 

0.02 

0.0 I5 

C,, Concentration of Water (kg mole/m3) 
Fig. 4. Variation of water diffusion coefficients in sugar solution. 
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Weight Percent Sugar in Solution 

Y 

m cu 
co 

c 
0 

% 
In 

N' 
Y E 0.10- 
N 
(u 
n 

0.02- 

0.02 
20 30 40 50 

Ethyl  A c e t a t e  

A d-glucose 
sucrose 

- d-fructose - 

- + mixture (fructose 60%, - 
glucose 2070, sucrose 20%) 

- 
- - 
- - 
- - 
- - 
- - 
- - 

- - 

I I I I I I I I A  

C2, Concentration of Water (kg mole/m3) 

Fig. 5. Variation of (D11/D110) with water concentration a t  298°K. 

efficient of pure water is presented in Figure 3 as a func- 
tion of the sugar-water composition. It can be seen that 
?/YO for water decreases with increasing sugar content, 
unlike the behavior of the dilute organic species. 

Diffusion 
The variation of reported diffusion coefficients for water 

in the binary water : sugar system as a function of sugar- 
water composition is shown in Figure 4 (1 8, 23, 2 4 ) .  It is 
interesting to notice that the reported data at high sugar 
concentrations extend into the supersaturated region of 
these solutions. Data reported for the water-d-fructose sys- 
tem are limited, but the diffusion behavior appears to be 
similar to the water-d-glucose system (12). 

The ratio of the measured diffusion coefficient Dll at a 
particular sugar concentration to the measured diffusion 
coefficient Dllo in pure water for the various trace organic 
species at 298 K is presented in Figure 5 as a function of 
the sugar-water composition. There is some scatter of the 
experimental data, but the variation of (D11/D1l0) can be 
fitted to a reasonable approximation by a logarithmic 
straight line relation. This functionality seems to be the 
same for all three sugars and their mixtures. Sugar mix- 
tures of d-fructose, d-glucose, and sucrose in a weight 
ratio of 6 : 2 : 2  respectively are actually more than a ter- 
nary diffusion situation, but they were considered as a 
pseudoternary by taking all the sugars as a single com- 
ponent. The values of the experimentally determined dif- 
fusion coefficients Dll0 for the trace organic species in 
sugar-free water solutions are presented in Table 1. A 
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comparison is made between measured values and previ- 
ous reported experimental diffusivities for these organic 
compounds at high dilution in water. Figure 5 and Table 1 
together may be used to obtain specific measured experi- 
mental diffusivities Dll for different trace organic com- 
pounds. 

The variation of the cross diffusion coefficient D12 with 
sugar-water composition (expressed as molar water con- 
centration) is shown in Figure 6.  The other cross co- 
efficient D12 can now be computed using Equation ( 6 ) .  
As this computation involves the difference of several terms 
of comparable magnitudes, the precision of D12/C1 is 
approximately ? 1 x m5/kg.-mole-s (12). The 
resultant values of Dlz/C1 over the range of sugar-water 
compositions are presented in Figure 7 for the case of 

TABLE 1. DIFFUSION COEFFICIENTS OF VARIOUS ORGANIC 
COMPONENTS AT HIGH DILUTION IN WATER 

Diffusion coefficient 
Tempera- (m2/s) x 109 

Literature Organic b e ,  
species O K .  Experimental (25) 

Ethyl alcohol 298 1.25 1.24 
308 1.60 - 

Ethyl acetate 298 1.30 1.32 
308 1.66 

n-Hexanal 290 0.93 - 

- 
n-Butyl acetate 298 0.97 - 

Weight Percent Sugar in Solution 
70 60 45 30 15 0 I .OOC'J 

I- E t h y l  0 d-fructose 
A d-glucose 
0 sucrose 
0 mixture (fructose 60%, 

glucose ZO%, sucrose 20%) t 

C,, Concentration of Water (kg mole/m3) 
Fig. 6. Variation of Dzl with water concentration a t  298°K. 
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-0.5 
20 40 60 

Fig. 7. Variation of D12/C1 (m.j/kg.-rnole) (sI 
in the system ethyl acetate (1)-water (2)- 

sugar (3) a t  298°K. 

Wt % Sugar 

0.02 
20 30 40 50 

C,, Concentrat ion of Water Ikg  rnole/rn3) 

Fig. 8. Variation of D11/Dllo with water con- 
centration a t  308°K. 

ethyl acetate as Component 1. The cross diffusion coeffi- 
cient D12 is not presented for d-glucose solutions because 
of the lack of activity coefficients in concentrated solu- 
tions. The change in sign of D12 is striking. From Equa- 
tion (6) we see that the sign change results from two 
terms: At about 40 wt% sucrose (Dll - Dzz)  becomes 
negative. At slightly higher sucrose contents the first main 
term on the right-hand side of Equation (6)  outweighs the 
second term, and D12 becomes negative. (a  In rl/a In C2) 
is always negative because of the increase of y1 with in- 
creasing sugar content. At a sucrose content somewhere 
about 80 wt% that term outweighs the second term in 
the brackets, making the entire expression in brackets 
negative and returning D12 to a positive sign. 

A few diffusion experiments were performed at a higher 
temperature of 308 K. These measurements were less 
comprehensive because of the difficulty of measuring the 
water gradients, and were thus designed primarily to yield 

only the diffusion coefficient Dll. The ratio of the diffusion 
coefficient of ethyl alcohol and ethyl acetate in sucrose 
solutions to the diffusion coefficients at high dilution in 
pure water at 308 K are shown in Figure 8 as a function 
of the sugar-water composition. The functionality is simi- 
lar to that obtained at the lower temperature of 298 K. 

DISCUSSION 

By comparing data at temperatures of 298 K and 308 K, 
activation energies were computed for Dll and DZ2,  as well 
as for viscosity of binary sucrose-water solutions. The re- 
sults are shown in Figure 9 as a function of composition. 
The activation energy for Dll is approximately equal to 
that for the viscosity, but is greater than that for DZ2 at 
high sucrose concentrations. Hence, the viscosity of the 
solution can be used as a parameter for correlating the 
main diffusion coefficient Dll as a function of temperature 
by postulating that the group D11v/T, where 7 is viscosity, 
is constant. Similar conclusions were drawn by Henrion 
( 3 )  from measurements of the diffusion of sucrose at 
infinite dilution in aqueous solutions of d-glucose and 
d-fructose of varied concentrations. 

In solutions of low sucrose content the coefficient Dll 
is larger than D22, but this difference becomes less, and 
eventually Dll becomes smaller than Dzz as the sugar 
concentration increases. The variation of the ratio D11/022 
is shown in Figure 10 as a function of water concentration. 
Menting et al. ( 2 6 )  measured diffusion coefficients of 
various dilute organic species in aqueous maltodextrin 
solutions, and reported effective binary diffusion coeffi- 
cients, lumping the maltodextrin and water as a single 
component. The ratio of these effective diffusion coeffi- 
cients of acetone to the mutual diffusion coefficient in 

i I I I I I I I 

0 Diffusion-water (D22) 
12.01 

0 Dif fus ion-ethy l  a lcohol  (DI I) 

0 10 20 30 40 50 60 7C 
3 .O 

Weight Percent Sucrose in So lu t ion  
Fig. 9. Activation energies for diffusion and viscous flow in sucrose 

solutions. 
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TABLE 2. VARIATIOS OF THE ONSAGER COEFFICIENTS 
WITH SUGAR CONCESTRATION AT 298°K. 

Weight Type of LZZ/C2 
'30 sugar sugar x 106/RT 

1 5 d-fructose 
Sucrose 

30 tl-fructose 
Sucrose 

4,5 d-fructose 
Sucrose 

80 d-fructose 
Sucrose 

0.49 
0.39 
0.78 
0.61 
0.81 
0.65 
0.61 
0.49 

O q is t he  \ircosity of the solution in N.s,'rn: 

Y 

c 
0 

V 
c 
0 

0 

.- 

F 
Q) 
V z! 
c 
n 

1.036 
1.058 
0.960 
1.096 
1.100 
1.396 
1.620 
2.160 

I I I ' I  

I I I I 
0 20 40 60 80 100 

0.10 

Weight Percent Water in  Solution 
Fig. 10. Effect of sugar concentration on ( 0 1 1 / 0 2 2 )  at 298°K. 

water-maltodextrin solutions is also presented in Figure 
10 and a similar trend in the data is noticed. 

It is apparent that the four diffusion coefficients vary 
greatly with the sugar concentration of the solution. I t  
was examined whether the Onsager friction coefficients 
could be more simply correlated. The variation of L11 
and LZ2 with concentration is shown in Table 2. Under 
conditions of infinite dilution, Lll/C1 is nearly inversely 
proportional to the viscosity of the medium. In the case 
of LZ2 it is found that LZ2/C2 is more nearly constant. 
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NOTATION 

J 
K 
Lij 
L 
P 
PO 
t 
0 
V 
v 

= functionality in Onsager relations 
= roots of auxiliary equation 
= concentration 
= initial concentration 
= diffusion coefficient 
= flux 
=equilibrium ratio 
= Onsager coefficient 
= total moles in liquid 
= total pressure 
= vapor pressure 
= time e apsed 
= number moles in vapor 
= total moles in vapor 
= partial molar volume 

Greek Letters 
/3 = diaphragm cell constant 
y = activity coefficient 
A = difference operator 
V = gradient operator 
x 

Subscripts 

= correction for hold-up in diaphragm 

A, B = Components A and B 
i ,  i = Components i and / 
s = Component s 
1 ,2  = Components 1 and 2 
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VoIatiIes Retention During Drying 
of Food Liquids 

SANTOSH K. CHANDRASEKARAN and C. JUDSON KING 
Depar tment  of Chemical  Engineering 

Univers i ty  of California, Berkeley, Ca l i f o rn ia  94720 

The retention of trace volatile components in food liquids during low temperature drying 
processes i s  analyzed through a ternary diffusion model. Flux equations for both water and 
trace organic components ore solved numerically for typical drying situations. Several effects 
are found with the ternary analysis which are not evident from a simpler binary model. The 
sugar-water composition gradient which develops during drying causes an apprecioble transport 
of the trace volatile species. This transport can occur in the same direction as the transport 
resulting from the concentration gradient b f  the volatile species, or in the opposite direction, 
and can result in a local accumulation o f  the volatile species. Concentration profiles for both 
water and dilute volatile components were experimentally measured during neorly isothermal 
drying of gelled slabs of synthetic sugar solutions and natural fruit  juice concentrates. The 
predicted internal maximum i n  volatiles concentration i s  borne out by the experiment, and a 
satisfactory agreement of observed with predicted volatiles retention i s  found, within the 
limits of the experiment. 

Food liquids are complex aqueous mixtures containing 
numerous organic compounds. Natural fruit juices, coffee, 
tea, and other such substances have a high water content, 
generally between 80 and 98:; by weight. From the 
standpoints of preservation, storage, and transpcrtation it 
is advantageous to concentrate or totally dehydrate these 
food liquids. Unfortunately most juices are very sensitive 
to heat treatment, both because of degradative reactions 
and because of the volatilization of components essential 
to the flavor and aroma of the juice. These volatile flavor 
components are typically trace organic compounds having 
a high activity coefficient and hence a high volatility over 
the aqueous solution. These trace species govern the 
quality and attractiveness of the drink and their retention 
is of utmost importance. The particular organic compounds 
constituting the vapor space or aroma above fruit juices 
and other food liquids are different from substance to 
substance ( 1  to 3 ) .  A mixture of common sugars-two 
monosacharides, d-fructose and d-glucose, and one disac- 
charide, sucrose-makes up between 90 and 98 wt.‘; of 
the total dissolved solids in fruit juices ( 4 ,  5). Thus, to 
a first approximation, most fruit juices can be treated as 
aqueous sugar solutions containing trace amounts of vola- 
tile organic components. 

The retention of volatile flavor compounds during drying 
at lower temperatures is usually much better than that at 

Correspondence concerning this paper should h e  addressed to C. J.  
King. 

higher temperatures. Thijssen and co-workers have ana- 
lyzed volatiles loss as a selective diffusion process wherein 
the ratio of the rate coefficient of the transport of thc 
trace organic species to the rate coefficient of transport of 
water becomes very low as the dissolved solids content 
increases (6  to 8).  They show that this picture agrees 
well with a number of observed characteristics of volatiles 
loss during air drying of slabs and spray drying. 

Freeze-drying gives particularly good volatiles retention. 
Data for the effects of several process variables upon vola- 
tiles retention during freeze-drying have been reported 
by Sauvageot et al. (9)  for natural juices and by Flink and 
Karel ( 1 0 )  for synthetic sugar solutions. Flink and Karel 
( 1 1 )  have demonstrated that rates of volatiles loss, and 
hence volatiles mobility, depend specifically upon the 
morphology of molecular aggregation and the degree of 
crystallinity. Discussions of the qualitative predictions of 
a diffusion model for the effects of freeze drying on vola- 
tiles retention have been presented by King ( 1 2 )  and 
Thijssen and Rulkens (6) .  King (12 to 14)  has also re- 
viewed the general problem of volatiles retention. 

Previous quantitative interpretations of volatiles loss 
have been made using an effective binary analysis for cal- 
culations of diffusion coefficients (8, 1 5 )  and for predicting 
rates of loss during drying. In one case a convective term 
depending upon the water flux was incorporated ( 7 ,  1 6 ) ,  
but it was a small enough term so that it did not alter the 
predictions of the binary model greatly. 
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