
Chemical Engineering Journal 86 (2002) 179–184

Drying of gelled sugar solutions—water diffusion behavior
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Abstract

As various types of gels or gelled solutions are important in food industries, mass transport phenomena in sugar solutions gelled with
polysaccharides such as agar, pectin, sodium alginate and a protein (gelatin) were investigated. Water diffusivities from the isothermal
regular regime drying curves, desorption isotherms, viscosities, and electroconductivities were determined for gelled sugar solutions.

Gels tested were divided into two types (I and II). Type I gels (agar and sodium alginate) did not affect the transport properties (water
diffusivities) of sugar solutions although the viscosities changed very much. The water diffusivities of Type II gels (gelatin and pectin)
were much lower than those for Type I gels, especially at low water contents. The desorption isotherms of Type I and Type II gels
were similar. Although the electroconductivities decreased with increasing sugar concentration, they did not change when the solutions
were gelled. It is suggested that Type I gel network was quite uniform during drying while a rather dense gel network was formed near
the surface of Type II gels after a certain period of drying. This kind of hard skin layer might govern the water diffusivity (and the drying
rate). © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Various types of gels or gelled solutions are important
in food and pharmaceutical industries [1]. For example, a
gelatin (protein gel) solution is dried to produce pharmaceu-
tical capsules. Agar, pectin, sodium alginate and some other
polysaccharide gels are added to liquid foods to be dried.

By experience we know that adding certain types of gels
does not affect significantly the transport properties of
small molecules in the gels while some gels change such
properties to a great extent. Unfortunately, quantitative and
systematic studies on drying of gelled solutions as well as
mass transport phenomena in the gels are not satisfactory.

In this study mass transport phenomena in various types
of gelled sugar solutions were investigated. Sugar (sucrose,
trehalose and maltodextrin) solutions gelled with polysac-
charides such as agar, pectin, sodium alginate, and a protein
(gelatin) were used as model gel systems.

The measured items are: (i) isothermal drying curves to
determine water diffusivities which decrease sharply with
decreasing water content on the basis of the regular regime
(RR) drying curve [2–9]; (ii) desorption isotherms to know
the state of water in the gels; (iii) rheological properties such
as viscosity; and (iv) electroconductivities to know the mass
transport properties in viscous solutions (sols) and gels.
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The drying rates and desorption isotherms of semi-solid
foods (pasta-like foods) were measured for comparison.

2. Experimental

2.1. Materials

Sugars (carbohydrates) employed in this study are dis-
accharides [sucrose (Wako Pure Chemical, Japan) and
trehalose (Trehaose, Hayashibara, Japan)] and oligosac-
charides [maltodextrin of dextrose equivalents (DE) = 11,
molecular weight ca. 6000 (Pinedex #2, Matsutani Kagaku
Kogyo, Japan), a maltotetraose-rich maltodextrin (DE =
39, Tetrup-H, Hayashibara), a maltopentaose-rich mal-
todextrin (DE = 39, Pentrup, Hayashibara)]. Gel-forming
agents (agar-agar, sodium alginate, gelatin and pectin) were
purchased from Wako Pure Chemicals. Japanese noodle
(Kishimen) and pasta (fettuccine) were boiled for 15–20 min
and used for the drying and the desorption experiments.

2.2. Gel preparation

Sugar solutions (ca. 40 wt.%) were heated with agar-agar
(1–4 wt.%), sodium alginate (1–4 wt.%), pectin (1–4 wt.%),
or gelatin (1–4 wt.%) to dissolve solids, and injected into an
aluminum dish (diameter = 50 mm, depth = 1 or 3 mm) to
prepare slab shaped samples.

1385-8947/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S1 3 8 5 -8947 (01 )00286 -8



180 S. Yamamoto et al. / Chemical Engineering Journal 86 (2002) 179–184

Nomenclature

A effective area for drying (m2)
AW water activity (–)
ds density of pure solid (kg/m3)
D diffusion coefficient (m2/s)
Da apparent diffusion coefficient

(kg2/(m4 s))
Ds diffusion coefficient in

concentrated solutions (m2/s)
D0 diffusion coefficient in infinite

dilute solutions (m2/s)
F Faraday constant (C/mol)
F′ normalized isothermal drying

rate = −dū/dτ ′ = −(Rsds)
2

(dū/dt) (kg2/(m4 s))
nA, nC transport numbers of anion

and cation, respectively (–)
R gas constant (J mol−1 K−1)
Rs slab thickness or half thickness

of the film in the absence
of water (m)

Sh Sherwood number (–)
t time (s)
T absolute temperature (K)
u water content (kg water/(kg solid))
ū average water content

(kg water/(kg solid))
Ws solid weight = ARsds (kg)

Greek symbols
η viscosity (Pa s)
Λs equivalent conductivity of electrolyte

in concentrated solutions (m2 mol−1 S)
Λ0 equivalent conductivity of electrolyte in

dilute solutions (m2 mol−1 S)
ρs mass solid concentration (kg solid/m3)
τ ′ = t/(dsRs)

2 (m4 s/kg2)

2.3. Drying experiment

Isothermal drying experiments with a gelled slab were
performed in a constant-air temperature box as shown in
Fig. 1. Silica gels were placed in the box as desiccants. The
air temperature was controlled so that the sample tempera-
ture is maintained at an assigned temperature. The air tem-
perature in the drying box was somewhat higher than the
assigned value at the beginning of the experiment, and then,
lowered gradually with the progress of the drying. Such tem-
perature control programs were not employed for the drying
of samples in a vacuum drying setup on the basis of a Cahn
2000 balance (Cahn Instruments, USA) shown in Fig. 2. The
weight of the film was continuously measured by the Cahn
balance and stored in a personal computer. The drying rates
for the average water content ū > 0.2–0.3 were measured

Fig. 1. Experimental setup for the isothermal drying experiment.

by the setup shown in Fig. 1 and those for low water con-
tents ū < 0.2–0.3 by the setup shown in Fig. 2. The weight
and the temperature measurements were done separately in
both setups.

In addition to these two setups, a versatile setup for mea-
suring adsorption/desorption rates at atmospheric pressure
or under vacuum was developed on the basis of a mag-
netic suspension balance (Rubotherm, Germany) as shown
schematically in Fig. 3.

2.4. Desorption isotherm

Samples (gels) were stored in a sealed container in the
presence of saturated salt solutions of known water activities.
The samples were weighed periodically until the weight loss
became less than 2% per 12 h (usually 2–3 days).

2.5. Water diffusivity

The diffusion coefficient of water in liquid foods D(u)
which depends strongly on the water content u can be
determined from the RR isothermal drying curve [2–7].
When the isothermal drying rate −dū/dt is converted to
F ′ = −(Rsds)

2(dū/dt) and plotted against the average wa-
ter content ū, the so-called “RR” master curve is obtained.
Although D(u) can be determined from the RR curve by
several methods including our simple method [7], the exper-
imental data in this paper are shown as apparent diffusion
coefficients Da(u) defined by Eq. (1) as the purpose of

Fig. 2. Experimental setup for the vacuum isothermal drying.
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Fig. 3. Experimental setup for the drying and the adsorption with a
magnetic suspension balance.

this paper is not to present precise D(u) values as physical
transport properties but to examine the effect of the gel
properties on the water diffusion in gelled sugar solutions.

Da =
(

4

π2

) (
F ′

ū

)
(1)

2.6. Electroconductivity measurement

It is well known that the mobility of ions in aqueous
solutions can be related to the electroconductivity as follows
[10]:

D =
(

2RT

F 2

)
nAnCΛ (2)

where R is the gas constant, T the absolute temperature,
F the Faraday constant, nA the transport number of anion,
nC the transport number of cation, and Λ the equivalent
conductivity of electrolyte. If this equation is assumed to
be valid in concentrated solutions, the ratio of the diffusion
coefficient in concentrated solutions Ds to that in infinite
dilute solutions D0 can be given by

Ds

D0
= Λs

Λ0
(3)

This equation means that the ratio of the diffusion in con-
centrated solutions to that in dilute solutions is proportional
to the ratio of the equivalent conductivity of electrolyte
in concentrated solutions, Λs to that in dilute solutions,
Λ0. Hoshino [11] is the first who measured the electro-
conductivities of salts in electrostatically neutral polymer
solutions to investigate the applicability of Eq. (3). We
measured the electroconductivities of NaCl in various
sugar solutions as a function of sugar concentration by
Horiba conductivity meter (9382-10D, Kyoto, Japan). The
micro-viscosity ηmicro which governs the diffusion [11] is

then given by

ηmicro = η0Λ0

Λs
(4)

2.7. Viscosity measurement

Viscosity (macro-viscosity) values of sugar solutions of
various concentrations were measured by a cone and plate
viscometer (Tokimec, Tokyo) at 303 and 323 K.

3. Results

3.1. Effect of gel concentration

The apparent water diffusion coefficients (Da) for gelled
sucrose, trehalose and maltodextrin solutions of various agar
concentrations are shown in Figs. 4–6. Although the Da
values depended strongly on water concentration, they were
not influenced by the agar concentration (1–4%). Similarly,
Da values for sodium alginate gelled sucrose solutions did
not depend on the gel concentration (data not shown). On
the contrary, Da values for gelatin gels were affected by the
gel concentration as shown in Fig. 7.

3.2. Effect of type of gel

The Da values for sucrose solutions gelled with various
types of gels are shown in Fig. 8. As mentioned previously,
the Da values at high water contents (0.6 < u < 1.0) are
similar. At low water contents (u < 0.5), the Da values for
the gelatin and pectin gels became lower than those for the
agar, and the alginate gels. The Da values for the gelatin
sugar gels are compared with those for pure gelatin gels
(without sugars) in Fig. 9. At low water content regions
(u < 0.4), the Da values with or without sugar are similar.

Fig. 4. Apparent water diffusion coefficient in gelled sucrose with agar
vs. water content.
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Fig. 5. Apparent water diffusion coefficient in gelled maltodextrin with
agar vs. water content.

Fig. 6. Apparent water diffusion coefficient in gelled trehalose with agar
vs. water content.

Fig. 7. Apparent water diffusion coefficient in gelled sucrose with gelatin
vs. water content.

Fig. 8. Apparent water diffusion coefficient in sucrose gelled with various
types of gels vs. water content.

Namely, the water diffusion (and the drying rate) is gov-
erned by the mass transfer in the gelatin gel layer at low
water contents whereas the agar and the alginate gels do
not affect the water diffusion in sugar solutions. The dried
surfaces of gelatin and pectin sugar gels after the drying
experiments were smooth compared with those of the other
gels. In order to obtain quantitative information on the
surface properties, the dried gel surfaces were analyzed by
atomic force microscopy (AFM). Unfortunately, AFM did
not show the surface properties clearly.

Although it is not easy to define a “gel”, the isothermal
drying rates of several pasta-like foods [Japanese noodle
(Kishimen) and pasta (fettuccine)] were determined to obtain
the water diffusivity. As shown in Fig. 10, the Da values for
various cooked pasta-like foods are similar and much higher
at low water contents than those for sucrose and maltodextrin
gels.

Fig. 9. Apparent water diffusion coefficient in gelatin and sucrose gelled
with 4% gelatin vs. water content.
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Fig. 10. Apparent water diffusion coefficient in pasta-like foods vs. water
content.

3.3. Desorption isotherm

Desorption isotherms for various gels are shown in
Fig. 11. Unlike the water diffusivity–water content relation-
ships, the desorption isotherm curves for various sucrose
gels and gelatin are similar. The equilibrium water content
at a given water activity Aw for the pasta-like foods are
lower than those for the sugar solutions. This suggests that
as the water in the pasta-like foods was not strongly bound
to the solid even at low water contents the water diffusivities
were higher than those in sugar and sugar gels.

3.4. Macro- and micro-viscosity

Fig. 12 shows the rheological property of sugar
solutions—viscosity values measured by a cone and plate

Fig. 11. Desorption isotherms for sucrose gels and gelatin without sucrose
and pasta-like foods.

Fig. 12. Macro- and micro-viscosity vs. sugar concentration.

viscometer (macro-viscosity). The macro-viscosity values
of sucrose and maltodextrin increased very sharply with in-
creasing solid concentration, and the values of maltodextrin
were much higher than those of sucrose.

On the contrary, the micro-viscosities from the electro-
conductivity measurement were very similar for sucrose,
maltodextrin, Tetrup and Pentrup even at very high solid
concentration (>70%) where the solutions were supersatu-
rated solutions of very high macro-viscosities.

The relative water diffusivities (D/D0) were plot-
ted against the inverse of the relative micro-viscosities
η0/ηmicro = Λs/Λ0 as shown in Fig. 13. Although the abso-
lute values of the apparent water diffusion coefficients were
different as shown in Figs. 4 and 5, the values normalized

Fig. 13. Relative water diffusivity vs. relative electroconductivity.
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with the diffusion coefficient in dilute solutions (molecular
diffusivity) were well correlated with the relative electro-
conductivities. Namely, the diffusion of small molecules is
governed by the viscosity in the network of concentrated
and/or gelled solutions and is not directly related to the
(macro)viscosity determined by the conventional viscome-
ter. The values for gelled solutions were also well correlated.
These results suggest a possibility for determining the water
diffusivity in concentrated sugar solutions. One restriction
is that it is only suited for electrostatically neutral sugars
and other food materials. If the solid contains some fixed
charges and/or some free small ions, additional corrections
must be needed, which might cause some difficulties in
determining the diffusivities.

4. Discussion

Adding a small amount of polysaccharides to sugar
solutions increases the solution viscosity significantly,
and might result in a gel formation. However, the mass
(water) transport in the gel is not always hindered very
much. Agarose, a component extracted from agar-agar
is widely used as a matrix for chromatography packing
materials and for electrophoresis. A large number of pa-
pers have been already published on the diffusion and the
partition of solutes in the agarose gel [12,13]. These pa-
pers have shown that the partition and the diffusion of
solute decrease with increasing solute size and/or increas-
ing gel concentration. However, the diffusion of small
molecules such as sodium chloride is not affected by the
agarose gel net work even when the agarose concentration
is 6 wt.%. So, it is easily expected that the diffusion of
water molecule in the agarose gel is not hindered by the gel
network.

However, this is for the gel which is completely swollen
in water. It is not clear whether the effective pore diameter
of the agar gel changes when the water content of the gel is
decreased. Our experimental results indicate that the dense
surface gel net work of gelatin was likely to be formed
soon after the drying of gelatin gelled sugar solutions, which
results in lowering of the water diffusion coefficient at low
water contents.

Another interpretation of these findings is segregation
during drying [8] and/or phase separation of gelatin from
sugar solutions [14]. Further research is needed to clarify the
mechanism involved in this lowering of the water diffusion
coefficient, which affects not only the drying behavior [9]
but also the flavor (aroma) retention during drying [2,4,15].

References

[1] K. Nishinari, T. Yano (Eds.), Science of Food Hydrocolloids, Asakura
Shoten, Tokyo, 1990 (in Japanese).

[2] P.J.A.M. Kerkhof, W.J.A.H. Schoeber, Theoretical modelling of the
drying behavior of droplets in spray dryers, in: A. Spicer (Ed.),
Advances in Preconcentration and Dehydration of Foods, Applied
Science Publishers, Barking, 1974, pp. 349–397.

[3] W.J.A.H. Schoeber, Regular regimes in sorption processes, Ph.D.
Thesis, Technical University of Eindhoven, The Netherlands, 1976.

[4] S. Bruin, K.Ch.A.M. Luyben, Drying of food materials: a review of
recent developments, in: Advances in Drying, Vol. 1, Hemisphere,
New York, 1980, pp. 155–215.

[5] W.J. Coumans, Power law diffusion in drying processes, Ph.D. Thesis,
Technical University of Eindhoven, The Netherlands, 1987.

[6] Y. Sano, S. Yamamoto, Mutual diffusion coefficient of aqueous sugar
solutions, J. Chem. Eng. Jpn. 26 (1993) 633–636.

[7] S. Yamamoto, W.J. Coumans, T. Vlugt, Determining concentration
dependent diffusivity in food materials, in: R. Jowitt (Ed.),
Engineering and Food, Sheffield Academic Press, UK, pp. 1997,
A164–A167.

[8] G. Meerding, Drying of liquid food droplets: enzyme inactivation
and multi-component diffusion, Ph.D. Thesis, Agricultural University
Wageningen, The Netherlands, 1993.

[9] M. Räderer, A. Besson, K. Sommer, A thin film dryer approach for the
determination of water diffusion coefficients in viscous products, in:
Proceedings of the 12th International Drying Symposium, IDS2000,
Paper No. 79, 2000.

[10] R.A. Robinson, R.H. Stokes, Electrolyte Solutions, Butterworths,
London, 1955.

[11] S. Hoshino, Evaluation of diffusion coefficients in non-Newtonian
fluids and slurries, Int. Chem. Eng. 11 (1971) 353–356.

[12] G.K. Ackers, R.L. Steere, Restricted diffusion of macromolecules
through agar-gel membranes, Biochim. Biophys. Acta 59 (1962)
137–149.

[13] L. Hagel, Gel Filtration, Protein Purification, 2nd Edition,
Wiley/VCH, New York, 1998, pp. 79–143.

[14] R.H. Tromp, A.R. Rennie, R.A.L. Jones, Kinetics of the simultaneous
phase separation and gelation in solutions of dextran and gelatin,
Macromolecules 28 (1995) 4129–4138.

[15] S. Yamamoto, Y. Sano, Drying of carbohydrate and protein solutions,
Drying Technol. 12 (1994) 1069–1080.


	Drying of gelled sugar solutions-water diffusion behavior
	Introduction
	Experimental
	Materials
	Gel preparation
	Drying experiment
	Desorption isotherm
	Water diffusivity
	Electroconductivity measurement
	Viscosity measurement

	Results
	Effect of gel concentration
	Effect of type of gel
	Desorption isotherm
	Macro- and micro-viscosity

	Discussion
	References


