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Abstract

Water activity, oxygen solubility and density of aqueous solutions of sugar and sugar alcohols have been modeled with the statistical
associating fluid theory (SAFT). The modeling is accomplished by extending the previously developed method to determine the SAFT
parameters for sugar and sugar alcohols. For the aqueous solutions of sorbitol/water, xylitol/water, mannitol/water, xylitol/sorbitol/
water and xylitol/mannitol/water, the water activity has been predicted. The solubilities of oxygen in water and in aqueous solutions
of glucose/water, fructose/water, sucrose/water, maltose/water and mannitol/water have been modeled. The density predictions for man-
nitol/sucrose/water, mannitol/sorbitol/water and mannitol/sorbitol/sucrose/water have been carried out. All the modeling results show
that, by using the previously developed method to determine the SAFT parameters, the SAFT model has been able to model the water
activity, oxygen solubility and density with very good accuracy, and the SAFT model can be taken as a suitable tool for describing sugar
and sugar containing solutions.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Aqueous solutions of sugars and sugar alcohols are of
practical importance in food chemistry and technology,
and the sugar industry (Gros & Dussap, 2003; Starzak &
Mathlouthi, 2006). Sugar alcohols like xylitol, mannitol,
and sorbitol are used in many processed foods, such as
hard candies, cookies, chewing gums, and soft-drinks
because they have little effect on blood sugar levels. In
the design of equipment and processes for producing prod-
ucts from raw materials, reliable data on the equilibrium
properties of materials, for example, water activity, oxygen
solubility, and density of multicomponent solutions, are
required. Due to the difficulty of measurement, the avail-
ability of experimental data is limited, and cannot satisfy
the engineering demand. It is necessary to develop a prac-
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tical method to estimate physical properties of aqueous
solutions involving various sugars and sugar alcohols.

Among the thermodynamic models, the statistical asso-
ciating fluid theory (SAFT) (Chapman, Gubbins, Jackson,
& Radosz, 1989; Chapman, Gubbins, Jackson, & Radosz,
1990; Huang & Radosz, 1990) are versatile tools for
describing phase behavior and phase equilibrium, and have
been applied to a wide variety of fluids (Muller & Gubbins,
2001). In the previous work (Feng, van der Kooi, & De
Swaan Arons, 2005), through developing a new method
to determine the SAFT parameters for sugars, the SAFT
model has been applied to describe the sugar solubility in
water and mixed solvents.

This work is emphasized on the application of the SAFT
equation of state (Huang & Radosz, 1990) to aqueous solu-
tions of sugars and sugar alcohols. The water activity, oxy-
gen solubility, and density of aqueous solutions of sugars
and sugar alcohols will be described by the SAFT model
through extending the previously developed method to
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Nomenclature

a Helmholtz energy
Dij square-well energy constants in Eq. (2)
g(d)hs hard sphere distribution function
k Boltzmann constant
kij binary interaction parameter in Eq. (11)
m segment number
M molarity
NAV Avogadro’s number
Nass number of association sites on a molecule
P pressure
R gas constant
t temperature (�C)
T temperature (K)
u/k temperature-dependent dispersion energy of

interaction between segments (K)
u0/k temperature-independent dispersion energy of

interaction between segments (K)
V molar volume (cm3/mol)
t0 temperature-dependent segment volume (cm3/

mol)
t00 temperature-independent segment volume (cm3/

mol)
XA mole fraction of molecules not bonded at site A

Greek symbols

jAB volume of interaction between sites A and B
DAB strength interaction between sites A and B

eAB/k association energy interaction between sites A

and B

g reduced density
q density
s constant,

ffiffiffi
2
p

p=6
li chemical potential of component i

l0
i chemical potential of component i at standard

state
a a phase
b b phase

Superscripts

res residual
seg segment
assoc association

Subscripts

c critical
B boiling point
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determine the SAFT parameters for sugar and sugar
alcohols.
2. Revisit of statistical associating fluid theory (SAFT)

equation of state

The SAFT equation of state applied is the version of
Huang and Radosz (1990). The general expression for the
residual Helmholtz energy is given by

ares ¼ aseg þ achain þ aassoc; ð1Þ
ares is the residual Helmholtz energy, defined as ares(T,V,N)
= a(T,V,N) � aideal(T,V,N), where a(T,V,N) and ai-

deal(T,V,N) are the total Helmholtz energy per mole and
the ideal gas Helmholtz energy per mole at the same temper-
ature and density.

aseg

RT
¼ m

4g� 3g2

ð1� gÞ2
þ
X

i

X
j

Dij
u

kT

h ii g
s

h ij
 !

; ð2Þ

aseg represents segment–segment interactions, i.e., hard
sphere and mean-field interactions. Dij is the square-well
energy constants, g reduced density, m segment number,
u/k temperature-dependent dispersion energy of interaction
between segments, R gas constant, s constant (

ffiffiffi
2
p

p=6), T
temperature.

achain

RT
¼ ð1� mÞ ln 1� 0:5g

ð1� gÞ3
; ð3Þ
achain is due to the presence of covalent chain-forming
bonds among the segments.

aassoc

RT

X
A

ln X A � X A

2

� �
þ 1

2
N ass; ð4Þ

aassoc accounts for site-site specific interactions among the
segments, for example, hydrogen-bonding interactions.
XA is the mole fraction of molecules not bonded at site
A, Nass number of association sites on a molecule.

The mole fraction of molecules not bonded at site A is
expressed as

X A ¼ 1þ NAV

X
B

qX BDAB

" #�1

; ð5Þ

where NAV is Avogadro’s number, q density, and DAB, the
association strength, is expressed as

DAB ¼ gðdÞhs½expðeAB=kT Þ � 1� r3jAB
� �

; ð6Þ

g(d)hs is hard sphere distribution function, g(d)hs =
(1 � 0.5g)/(1 � g)3, eAB/k association energy interaction be-
tween sites A and B, jAB volume of interaction between
sites A and B, r Lennard-Jones segment diameter calcu-
lated by r = (6st00/pNAV)1/3, and t00 the segment volume.

For the explanation of association site, the detailed
description for alcohols as an example by Huang and
Radosz (1991) is cited here ‘‘each hydroxylic group (OH)
in alkanols, in principle, has three association sites, labeled
A and B on oxygen and C on hydrogen. The association



P. Ji et al. / Food Chemistry 104 (2007) 551–558 553
strength D due to the like, oxygen–oxygen or hydrogen–
hydrogen (AA, AB, BB, and CC) interactions is assumed
to be equal to zero. The only non-zero D is due to the
unlike (AC and BC) interactions, which are considered to
be equivalent”.

In the above expressions, the reduced density is calcu-
lated by

g ¼ sqmt00 1� C exp
�3u0

kT

� �� �3

; ð7Þ

where, t00(1 � Cexp(�3u0/kT))3 is the segment molar vol-
ume in a close-packed arrangement, which is based on
the work of Chen and Kreglewski (1977), and the integra-
tion constant C is set to 0.12. The temperature-dependent
dispersion energy of interaction between segments, u/k, is
expressed as

u
k
¼ u0

k
1þ e

kT

h i
; ð8Þ

where e/k is a constant that was related to Pitzer’s acentric
factor and the critical temperature (Chen & Kreglewski,
1977; Kreglewski, 1984) for various molecules. As the en-
ergy parameter is for segments, e/k = 10 for all the mole-
cules. But for oxygen, according to Chen and Kreglewski
(1977, 1984), e/k = 0.

For each fluid, three parameters are needed for a non-
associating component, segment number, m, segment vol-
ume, t00, and segment–segment interaction energy, u0/k.
And two additional parameters are needed for an associat-
ing component, the association energy eAB/k and volume
jAB.

For mixtures, the following mixing rule (Huang &
Radosz, 1991) is used

u
k
¼
P

i

P
jX iX jmimj

uij

kT

� �
ðt0ÞijP

i

P
jX iX jmimjðt0Þij
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where

ðt0Þij ¼
1

2
ðt0Þ1=3

i þ ðt0Þ1=3
j

h i� �3

; ð10Þ

uij

k
¼ ð1� kijÞ

ui

k
uj

k

	 
1=2

: ð11Þ

Water activity can be calculated by

ai ¼ exp
li � l0

i

RT

� �
: ð12Þ

Phase equilibrium calculation can be carried out by
applying Eq. (13):

la
i ¼ lb

i : ð13Þ
3. Determination of the SAFT parameters for sugar and

sugar alcohols

The parameters of the SAFT model are generally deter-
mined using the data of saturated vapor pressure and liquid
density (Huang & Radosz, 1990). However, this approach
cannot be applied to sugars and sugar alcohols, as this kind
of data cannot be obtained for sugars and sugar alcohols.
In this work, the new method (Feng et al., 2005) previously
developed is extended to determine the SAFT parameters
for sugars and sugar alcohols. Here, we again give a
description of parameter determination.

For describing sugars and sugar alcohols, five parame-
ters are required by the SAFT model. There are three steps
for the parameter determination. First, both the parameters
segment volume t00 and association volume jAB are set to a
value, the parameters of m, u0/k, and eAB/k are taken as the
three variables in Eqs. (14)–(16) (the three equations are
expressed by the SAFT model), which are the pressure at
the critical temperature TC, the first derivative of pressure
with respect to density at TC, PC and VC, the second deriv-
ative of pressure with respect to density at TC, PC and VC,
respectively. By making use of the critical properties of tem-
perature, pressure and volume, the three equations can be
solved, and then the parameters of m, u0/k, and eAB/k are
determined. Second, with the five parameters (three of them
are determined mentioned above), the SAFT model is used
to calculate normal boiling temperature. If the normal boil-
ing temperature is calculated correctly, then we say the early
value given to the parameter jAB is the correct one. Other-
wise, jAB is adjusted to a new value, and the above proce-
dures (first and second steps) are repeated until the
normal boiling temperature is calculated correctly. Third,
with the above five parameters (four of them have been
obtained through the determination steps) the SAFT model
is used to calculate density of sugar or sugar alcohol at
room temperature and atmospheric pressure. If the density
is calculated with a small deviation from the crystal density
of the sugar or sugar alcohol at room temperature (the crys-
tal density is taken as a reference density of the sugar or
sugar alcohol assumed to be in an amorphous state at room
temperature), then the early value given to the parameter t00

is the correct one. Otherwise, the parameter t00 is set to a
new value, and the procedures of parameter determination
mentioned above are repeated. In this way, the five param-
eters of the SAFT model are determined finally.

P jT C
¼ P C; ð14Þ

oP
oq

� �
T C

¼ 0; ð15Þ

o
2P

oq2

� �
T C

¼ 0: ð16Þ

For sugars and sugar alcohols, critical temperature,
pressure, and density, as well as the normal boiling temper-
ature are estimated using Joback’s modification of Lyder-
sen’s method (Reid, Prausnitz, & Poling, 1987), as shown
in Eqs. (17)–(20).

T C ¼ T B 0:584þ 0:965
X

DT �
X

DT
	 
2

� ��1

; ð17Þ
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P C ¼ 0:113þ 0:0032nA �
X

DP
h i�2

; ð18Þ

V C ¼ 17:5þ
X

DV ; ð19Þ

T B ¼ 198þ
X

Db: ð20Þ
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Fig. 1. Water activity of mannitol/water. The solid line is predicted by
How to calculate DT, DP, DV and Db has been described in
detail elsewhere (Reid et al., 1987).

On the basis of the group contribution method the
molecular structure information, the critical properties of
temperature, pressure, and volume as well the normal boil-
ing temperatures have been estimated and the values are
listed in Table 1. Using the method of parameter determi-
nation described above, the SAFT parameters for sugar
and sugar alcohols have been determined and are listed
in Table 2.
SAFT. (See above-mentioned references for further information.)

0.8

0.9

1.0

Sorbitol/water
0ct

iv
ity
4. Prediction of water activity of aqueous solutions of sugar

alcohols

With the SAFT model, the prediction of water activity is
carried out using the SAFT parameters of individual com-
ponents listed in Table 2. For binary aqueous solutions
mannitol/water, sorbitol/water, and xylitol/water, the pre-
dicted water activity has been shown in Figs. 1–3, respec-
tively. Figs. 4 and 5 present the predicted water activity
of ternary aqueous solutions xylitol/sorbitol/water and
xylitol/mannitol/water, respectively.
Table 1
Critical properties and normal boiling points

Substance TC (K) PC (bar) VC (cm3 mol�1) Tb (K)

Sucrose 1309.79 46.26 782.5 1030.18
Mannitol 698.80 46.40 479.5 568.15a

Xylitol 759.66 48.97 407.5 620.03
Sorbitolb 868.00 46.40 483.0 704.00

a From the web <https://fscimage.fishersci.com>.
b From Daubert and Danner (1989).

Table 2
The parameters of the SAFT equation

Substance m u/k (K) t00 (cm3/mol) eAB (K) jAB Nass

Fructosea 5.026 215.67 12.0 7867 0.00025 4
Glucosea 5.238 199.18 12.0 7654 0.0007 4
Sucroseb 2.583 206.054 55.0 7297.70 0.0055 6
Mannitolb 4.872 178.400 14.0 5022 0.001 6
Sorbitolb 4.096 189.526 16.0 0.0014 7295.76 4
Xylitolb 5.160 168.173 10.0 0.0009 6841.89 4
Watera 1.165 194.29 8.0 3229 0.052 3
Oxygenb 1.362 124.94 11.19 0 0 0

Nass is number of association sites. For fructose, glucose, sorbitol, mannitol and xylitol, the four association sites are distributed on two OH groups, each
has one site on oxygen and one site on hydrogen; for sucrose, the six association sites are distributed on three OH groups, each has one site on oxygen and
one site on hydrogen; for water, two sites on oxygen and one site on hydrogen.

a From Feng et al. (2005).
b This work.
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Fig. 2. Water activity of sorbitol/water. The solid line is predicted by
SAFT.
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Fig. 3. Water activity of xylitol/water. The solid line is predicted by
SAFT.
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Fig. 4. Water activity of xylitol/sorbitol/water. The solid line is predicted
by SAFT.
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by SAFT.
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5. Modeling of oxygen solubility in pure water and in

aqueous solutions

5.1. Oxygen solubility in pure water

For oxygen, the SAFT parameters are determined based
on the data of saturated liquid density and vapor pressure
(Daubert & Danner, 1989). The obtained parameters are
listed in Table 2. The saturated liquid density and vapor
pressure are reproduced very well as shown in Figs. 6
and 7, respectively. The average relative deviation of the
calculation of the saturated liquid density is 1.35%, and
that of the saturated vapor pressure 2.01%.

Fig. 8 presents the oxygen solubility in pure water at
atmospheric pressure and in the temperature range of 0–
40 �C, the line showing good agreement with the data is
correlated by the SAFT model. A temperature-dependent
function of binary interaction parameter is needed.
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Fig. 7. Reproducing the data of saturated vapor pressure of oxygen by
SAFT.
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Fig. 6. Reproducing the data of saturated liquid density of oxygen by
SAFT.
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Fig. 8. Oxygen solubility in water. The line is correlated by SAFT. The
binary interaction parameter function k12 = 0.29317 + 4.457 � 10�3T (�C)
is used. (See above-mentioned references for further information.)
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Fig. 9. Oxygen solubility in the aqueous solution of glucose/water. The
lines are calculated by SAFT. The binary interaction parameter function
k12 = 0.29317 + 4.457 � 10�3T (�C) and the binary interaction parameter
k13 = �0.4 are used. M is the molarity of glucose.
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Fig. 10. Oxygen solubility in the aqueous solution of fructose/water. The
lines are calculated by SAFT. The binary interaction parameter function
k12 = 0.29317 + 4.457 � 10�3T (�C) and the binary interaction parameter
k13 = 0.7 are used. (See above-mentioned references for further
information.)
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is the molarity of sucrose.
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Fig. 12. Oxygen solubility in the aqueous solution of maltose/water. The
lines are calculated by SAFT. The binary interaction parameter functions
k12 = 0.29317 + 4.457 � 10�3T (�C) and k13 = 0.3555 + 0.1632 M are
used. M is the molarity of maltose. (See above-mentioned references for
further information.)
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5.2. Oxygen solubility in aqueous solutions of sugars and

sugar alcohols

Compared to in water, the oxygen solubility in aqueous
solutions of sugars is decreased with sugar concentration
and temperature. As shown in Figs. 9–12, in the tempera-
ture range of 5–37 �C and sugar-concentration range of
0.2 M–1.0 M, the data of oxygen solubility have been
reproduced well by the SAFT model. When carrying on
the modeling, the function of binary interaction parameter
for oxygen/water obtained in Fig. 8 is applied throughout.
For oxygen/water/glucose and oxygen/water/fructose, the
binary interaction parameters k13 = �0.4 between oxygen
and glucose and k13 = 0.7 between oxygen and fructose
are needed; for oxygen/water/sucrose and oxygen/water/
maltose, the sugar-concentration-dependent functions of
binary interaction parameter between oxygen and sugars
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Fig. 13. Oxygen solubility in the aqueous solution of mannitol/water. The
lines are calculated by SAFT. The binary interaction parameter function
k12 = 0.29317 + 4.457 � 10�3T (�C) and the binary interaction parameter
k13 = 0.75 are used.

Table 3
Density prediction by the SAFT model for mannitol + sucrose + water at
25 �C

Molality (mol/kg) Density (g/cm3) Relative deviation
(%)Mannitol Sucrose Experimentala Predicted

0.1008 0.0499 1.00912 0.99779 1.12
0.1285 0.0608 1.01251 1.00098 1.14
0.1208 0.25021 1.03525 1.02556 0.94
0.1588 0.30601 1.04337 1.03457 0.84
0.3186 0.15891 1.03483 1.02493 0.96
0.2589 0.25021 1.04204 1.03308 0.86
0.3016 0.30601 1.05017 1.04209 0.77
0.4218 0.19851 1.04446 1.03544 0.86
0.5104 0.11671 1.04006 1.03010 0.96
0.3895 0.23721 1.04704 1.03843 0.82
0.2643 0.36191 1.05434 1.04677 0.72
0.1344 0.49121 1.06197 1.05514 0.64
0.3186 0.42681 1.06348 1.05692 0.62
0.6731 0.15061 1.05192 1.04278 0.87
0.5157 0.30781 1.06040 1.05313 0.69
0.3513 0.47191 1.06933 1.06351 0.54
0.1797 0.64321 1.07873 1.07390 0.45
0.8748 0.19121 1.06356 1.05749 0.57
0.6731 0.39261 1.07383 1.07000 0.36
0.4601 0.60371 1.08480 1.08241 0.22
0.2371 0.82711 1.09669 1.09497 0.16

a Hu et al. (2006).

Table 4
Density prediction by the SAFT model for mannitol + sorbitol + water at
25 �C

Molality (mol/kg) Density (g/cm3) Relative deviation
(%)Mannitol Sucrose Experimentala Predicted

0.0809 0.0605 0.98964 0.99343 �0.38
0.1012 0.1528 0.99452 1.00055 �0.61
0.1528 0.1482 1.00215 1.00336 �0.12
0.2028 0.1989 1.01076 1.00943 0.13
0.2582 0.2619 1.02050 1.01640 0.40
0.3061 0.3106 1.02821 1.02194 0.61
0.1254 0.5001 1.02558 1.02288 0.26
0.2511 0.3750 1.02686 1.02262 0.41
0.3766 0.2500 1.02980 1.02235 0.72
0.5020 0.1251 1.03162 1.02208 0.93
0.3570 0.3617 1.03550 1.02767 0.76
0.6593 0.1660 1.04362 1.03293 1.02
0.4944 0.3317 1.04351 1.03337 0.97
0.3302 0.4967 1.04295 1.03380 0.88
0.1652 0.6625 1.04100 1.03422 0.65
0.4219 0.4360 1.04493 1.03529 0.93
0.6398 0.3036 1.04802 1.03945 0.82
0.4263 0.5314 1.05094 1.04071 0.97
0.8528 0.1330 1.05156 1.04124 0.98
0.7060 0.2861 1.05105 1.04192 0.87
0.5018 0.5022 1.05362 1.04302 1.01
0.9008 0.1252 1.05208 1.04327 0.84
0.8588 0.2055 1.05491 1.04540 0.90
0.2133 0.8513 1.05682 1.04689 0.94

a Hu et al. (2006).
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are used. Fig. 13 presents the calculations of oxygen solu-
bility in the aqueous solution of mannitol at 25 �C, like
in aqueous solutions of sugars, the function of binary inter-
action parameter for oxygen/water is applied, and the bin-
ary interaction parameter k13 = 0.75 between oxygen and
mannitol is used.

6. Prediction of density of aqueous solutions of sugar and

sugar alcohol

Fig. 14 presents the results of density prediction of
mannitol/water, sorbitol/water and sucrose/water at
25 �C. The lines are predicted by SAFT, which are in
good agreement with the experimental data. Table 3 lists
the results of density prediction of mannitol/sucrose/
water, the largest relative deviation of density prediction
is 1.12%, and the average relative deviation is 0.72%.
The density of mannitol/sorbitol/water is also predicted
well, as shown in Table 4, with an average relative devia-
tion of 0.71% and the largest relative deviation of 1.02%.
For the quaternary aqueous solution of mannitol/sorbi-
tol/sucrose/water, the results of density prediction are pre-
sented in Table 5, and the largest relative deviation is
0.76%, the average relative deviation is 0.59%.



Table 5
Density prediction by the SAFT model for mannitol + sorbi-
tol + sucrose + water at 25 �C

Molality (mol/kg) Density (g/cm3) Relative
deviation
(%)

Mannitol Sorbitol Sucrose Experimentala Predicted

0.6857 0.2856 0.1099 1.06110 1.05366 0.70
0.3269 0.2167 0.4327 1.07396 1.06879 0.48
0.5848 0.1821 0.1330 1.05489 1.04591 0.85
0.2826 0.1588 0.3858 1.06485 1.05866 0.58
0.1865 0.3728 0.2367 1.05391 1.04797 0.56
0.4281 0.1316 0.2138 1.05276 1.04475 0.76
0.3660 0.1381 0.1886 1.04652 1.03889 0.73
0.1986 0.1512 0.2898 1.04898 1.04301 0.57
0.2558 0.2356 0.1114 1.03481 1.02898 0.56
0.2269 0.2167 0.1081 1.03095 1.02591 0.49
0.1848 0.1821 0.1410 1.03026 1.02577 0.44
0.1519 0.1889 0.1232 1.02528 1.02207 0.31

a Hu et al. (2006).
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7. Conclusions

The previously developed method has been extended to
determine the SAFT parameters for sugars and sugar alco-
hols, which makes the SAFT model capable of modeling
water activity, oxygen solubility and density of aqueous
solutions of sugars and sugar alcohols, and very good accu-
racy has been obtained. There are some advantages of
applying the SAFT model to such type of solutions. The
SAFT model can be applied to both vapor and liquid
phases when modeling the oxygen solubility in the aqueous
solutions, avoiding the model inconsistency caused by using
activity coefficient models, such as UNIFAC and UNI-
QUAC. On the other hand, the SAFT equation of state
can be easily applied to calculate the density of multicompo-
nent aqueous solutions of sugars and sugar alcohols. This
can overcome the problem of using empirical models for
density calculation, empirical models are generally very dif-
ficult or impossible to be applied to multicomponent aque-
ous solutions. All the results obtained show that for
aqueous solutions of sugar and sugar alcohols, the SAFT
model can be taken as a suitable model to estimate the equi-
librium properties and carry out density calculation.
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