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Abstract

Information on moisture adsorption isotherms, which describe the inherent relationship between water activity (ay)
and moisture content in food materials, is essential for drying, storing, packaging, and predicting shelf-life for successful
application of yacon tuber flour in various fields of the food industry. The moisture sorption isotherms of fresh
and blanched yacon tuber flours were obtained at 25°C, 35C, and 45C and a,, in the range of 0.11-0.75 by
the static gravimetric method. Six different isotherm models were used to fit the experimental data and to analyze
water vapor sorption. The results showed that water vapor sorption of both fresh and blanched yacon flours followed
a type III shape over the humidity range. The blanched samples exhibited lower equilibrium moisture content than
fresh samples. The monolayer moisture content estimated by the Guggenheim, Anderson, and De Boer (GAB) model
was lower than that estimated by the Brunauer, Emmett, and Teller model. By quantifying the relative percent
error and the coefficient of determination of the isotherm models relative to data, the GAB and Halsey models
were identified to be the best-fitting isotherm to describe the water sorption process of both fresh and blanched

yacon flours.
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Introduction

Yacon (Smallanthus sonchifolius) is a tuberous root, rich
in inulin and fructo-oligosaccharides (FOS), which are short
polymers of fructose (1). FOS have low calorific value, and
have been designated as prebiotics and soluble fiber, as they
are not hydrolyzed by human digestive enzymes (2).
Increasing interest and growing consumption of yacon is
related to its beneficial effects on human health as well as
various health-promoting properties. Yacon tubers have long
been used as a traditional folk treatment to control
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hyperglycemia, kidney problems, and for skin rejuvenation
(3), and they have been reported to have antioxidant,
anti-inflammatory, antimicrobial, and anti-cancer activities
4).

For successful application of flour in various industry
fields, knowledge of moisture adsorption isotherms, which
describe the inherent relationship between a,, and moisture
content in food materials is essential for drying, storage,
packaging, and shelf-life prediction (5). Moreover, proper
modeling for predicting the relationship between equilibrium
moisture, water activity, and temperature provides
information about the product conditions during storage,
especially for dehydrated foods (6).

Numerous studies on the moisture sorption characteristics
of dehydrated food materials have been previously conducted,
researchers have several theoretical,

and proposed

semi-theoretical, and empirical models to describe their
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behaviors. Choosing a mathematical model to describe the
integrated hygroscopic properties of dehydrated food
materials to be stored is important for the design of processing
equipment as well as the optimization of storage and drying
conditions. However, information on the moisture sorption
characteristics of yacon flour is very limited in the literature
and no experimental data are available especially for
pre-treated yacon samples.

The objectives of the present study were to establish the
relationship between the equilibrium moisture content (EMC)
and a,, in flours from fresh and blanched yacon tubers at
three different temperatures (25, 35, and 45C) and to
determine the best moisture sorption isotherm equation to
fit the experimental sorption data.

Materials and methods

Materials and sample preparation

Fresh yacon tubers, produced in Jangsu, Jeonbuk, Korea,
were purchased online from Sun Village Market (Gwangju,
Korea) and placed in a 4C refrigerator prior to the
experiments. Yacon tubers were either rinsed in fresh water
or rinsed and blanched by immersing in 80°C distilled water
for 2 min, drained on a stainless steel mesh screen for 3
min to remove excess water, peeled and cut into cylinders
with a thickness of approximately 5.3 mm, and then
immediately dried at 60C using a hot-air drying oven
(WFO-700W, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) for
12 h. Dehydrated yacon tubers were milled using an analytical
mill (M20, IKA, Staufen, Germany) and sieved to yield
particle sizes less than 300 um.

Duplicate samples, about 2.0 g each, were taken and placed
on glass petri dishes in desiccators with seven different
saturated salt solutions of known relative humidity (7). The
saturated salt solutions consisted of LiCl, CH;COOK, MgCl,,
K;CO;, Mg(NO3),, NaNO,, and NaCl, allowing a a, ranging
from 0.11 to 0.75. These desiccators were kept in three
incubators maintained at 25, 35, and 457C, respectively.
Samples were weighed until they reached equilibrium
conditions (when three consecutive weight measurements
gave the same reading). All analyses were carried out in
duplicate and expressed on a dry basis, g HO/100 g solids.

Sorption isotherm modeling
Selected sorption isotherm equations, including BET,
GAB, Oswin, Halsey, Henderson, Chung, and Smith, which

are most widely used for food materials, were used (8). The
coefficients of sorption equations were determined by
nonlinear regression within the a,, of 0.11 to 0.75, whereas
the BET equation was fitted to a,, up to 0.45. The goodness
of fit of these equations was verified by the coefficient of
determination (&) and by the mean relative percentage
deviation modulus (£, %) according to Eq. 1 (9).

n —
|m7r m,;|

E(%):l—ffx

=1 m;

(Eq. 1)

Where n is number of experimental observations while
m; and mpi are experimental and predicted moisture content
values, respectively. The model indicates a reasonably good
fit for most practical purposes if £% values are below 10%
(10).

The well-known BET (Eq. 2) and GAB (Eq. 3) equations
were applied to determine the monolayer moisture values of
the samples in this study. These models are expressed and
rearranged as given below:

my - Cy * a,
" (—a,) - (1—a,+Cy-a,)
my - Cg - K- a,
e M-K-a,) - 1-K-a,+C,-K-a,) Eq. 3)

0

m

(Eq. 2)

Where m. is the equilibrium moisture content (%, dry
basis); my is the monolayer moisture content (%, dry basis);
a,, is the water activity; and Gs, (; and K are thermodynamic
constant(s) for BET and GAB equation, respectively.

For example, the GAB (Eq. 3) can be rearranged to GAB
polynomial expression (Eq. 4) to calculate the thermodynamic
constants and monolayer moisture content (11).

Qy, )
—=a-a,t+b-a,+tc
mfﬁ

(Eq. 4)

The coefficient a, b, and ¢ can be calculated by nonlinear
regression analysis using Egs. 5-7.
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Results and discussion

Water sorption isotherms

The experimental results obtained for water sorption in
fresh and blanched yacon samples at different temperatures
are shown in Fig. 1 (12). The experimental data indicate that
the EMC decreased with increasing temperature to a constant
ay. This trend can be attributed to a reduction in the total
number of active sites for water binding due to physical and/or
chemical changes induced by temperature, which influence
the mobility of water molecules and the dynamic equilibrium
between the vapor phase and adsorbed phase (13). This
suggests that yacon powder became less hygroscopic as
temperature increased.

At a constant temperature, the EMC of both fresh and
blanched yacon samples increased with ay, and an intersection
point was observed at a a, around 0.6. This behavior
manifested in the form of a J-shaped curve, which is a Type
IIT isotherm. At low and intermediate a,, EMC increased
linearly with ay, while at high a,, EMC increased rapidly
with a,. Type Il isotherms are typical of sugar-rich products
since sugars can sorb more water and overcome the negative
effect of temperature at higher hydration level (14). This type
of isotherm occurs when the binding energy between water
molecules is higher than that of the monolayer, probably due
to the high amounts of carbohydrates and sugars (15). The
obtained sorption isotherm curves agree well with those of
high sugar content materials since yacon tubers contain
significant amounts of FOS (1). On the contrary, food
materials with low sugar content or high starch content do
not display an intersection point with an increase in aw or
temperature (16).

The blanched samples showed lower values for moisture
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equilibrium (smaller capacity for water sorption) than the
fresh ones under most conditions. In other words, blanched
yacon samples had a smaller capacity for water sorption due
to the blanching process. Most likely, the high temperature
used in blanching could have affected the sorption sites by
altering protein structure and by enhancing the interactions
of proteins with carbohydrates and lipids; consequently, the
available sites of water adsorption decreased due to protein
hydrophobicity (17). In addition, the lower EMCs for the
blanched samples could be attributed to the lesser crystallinity
and content of undamaged starch granules relative to those
of the fresh ones (18), this also being associated with the
loss of soluble solids during the pre-treatment (19). A similar
blanching effect on sorption isotherms has been reported for
African arrowroot lily (18), pumpkin (19), spinach leaves
(20), and potato (21). Johnson and Brennan (22) indicated
that the sorptive capacity of a product can be affected by
denaturation processes such as heating, desalting, and pH
changes. Fresh yacon samples had higher EMC than blanched
ones when a, was above about 0.40.

Modeling sorption isotherm

The sorption isotherm curves of fresh and blanched yacon
samples are described as the EMC against water activities
at different temperatures. Six mathematical models were used
to fit the curves using nonlinear regression analysis, and the
obtained parameter values are shown in Table 1. The BET
model satisfactorily described the EMC of both the fresh and
blanched yacon samples in the a, range up to 0.43, as the
hypothesis of the correct fit cannot be verified above this
level (23). The GAB and Halsey models showed good fit
(R*>0.98); however, the Chung and Smith models did not
satisfactorily fit the experimental data. The GAB or Halsey
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Fig. 1. Experimental data and fit by the GAB model for isotherms of flours from fresh and blanched yacon samples, at different

temperatures.
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Table 1. Estimated parameters and comparison for different isotherm models

) Fresh Blanching
Model Constant . - - - . -
25C 35C 45C Mean 25C 35C 45C Mean
BET G 9.627 5.483 3.79% 7437 5310 3.877
m 0.232 0.235 0.269 0219 0.233 0.261
R 0.985 0.936 0.858 0.926 0.982 0.931 0.878 0.930
E (%) 3742 6.182 8.424 6.116 3.671 6.995 5.065 5.244
GAB G 11.840 5.562 3.878 7.862 5.393 3.639
K 1.143 1.140 1.048 1.097 1.093 0.986
m 0.200 0212 0.255 0.200 0218 0.274
R? 0.9% 0.991 0.987 0.991 0.990 0.990 0.986 0.989
E (%) 4.734 6.282 7.858 6.291 4.584 6.627 5922 5711
Halsey A 0338 0.359 0.343 0.300 0.327 0319
B 0.943 0.824 0.839 0.948 0.873 0.878
R 0.988 0.997 0.977 0.988 0.996 0.994 0.962 0.984
E (%) 7.095 4012 6.783 5.964 3.381 4.131 9.255 5.589
Henderson A 1.159 1.196 1.389 1.379 1.362 1.567
B 0.716 0.758 0.928 0.853 0.873 1.018
R? 0970 0.987 0.997 0.985 0.982 0.993 0.996 0.990
E (%) 24.945 16235 7.443 16.208 17.297 11011 7.229 11.845
Chung A 3.567 2.859 2.765 3276 2,908 2.833
B 3.774 3.194 3.122 3.849 3.357 3316
R 0.847 0.893 0951 0.897 0.906 0928 0.966 0.933
E (%) 15.539 20.998 17.787 18.108 15328 18.545 14.045 15973
Smith A -0.065 0,071 0015 0.021 0.025 0.011
B 2.074 -2.009 -1.654 -1.639 0.984 0.984
R 0927 0962 0.994 0.961 0.968 0.984 0.996 0.983
E (%) 26.736 22551 8778 19.355 15.781 13.136 6.127 11.681

and B thetmodynarmc constants of Halsey or Henderson or Chung or Smith models; G, thetmodynalmc constant of Eq. 2; (5 and K thermodynamic constants of Eg.
3; E (%), mean relative percentage deviation modulus; 73, monolayer moisture content (%, dry basis); R, coefficient of determlnatlon

model best described the experimental data over the whole
range of a, and temperatures, and it was the most suitable
for the sorption isotherms of both yacon samples based on
lowest relative errors (E<6.3%).

The residual plot distributions for the GAB equation for
the fresh and blanched yacon samples at all temperatures
are shown in Fig. 2. A model is considered acceptable if
the residuals are uniformly scattered around the horizontal
value of zero without showing systematic tendency towards
a clear pattern (24). The residuals for the GAB model
indicated no pattern distributions for the fresh and blanched
yacon samples, and they were randomly scattered around zero.
However, some large residuals existed at higher moisture
content data points. These points are most likely outliers,
as they did not exert considerable effects in the regression

analyses (25). As also shown in Fig. 3, the GAB model
provided a good fit to the experimental data for water sorption
of both samples at all temperatures (R*>0.99).

According to the BET and GAB equations (theoretical
models), the monolayer moisture values (zp), an important
parameter in food deterioration for food systems can be
estimated by fitting the sorption data. The m values obtained
for fresh yacon flours ranged from 0.23% to 0.26% for the
BET model and from 0.20% to 0.26% for the GAB model,
whereas values for blanched yacon flours ranged from 0.22%
to 0.26% for the BET model and from 0.20% to 0.27% forthe
GAB model. These results are similar to those for cupuassu
(Theobroma grandiflorum) powder at 15-35C, with m values
of 0.28-0.67% (26). The monolayer moisture values from
the GAB model were lower than the values estimated by
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Fig. 2. Residual plot distributions for the GAB equation for fresh and blanched yacon samples at all temperatures.
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Fig. 3. Comparison of experimental and predicted sorption isotherms

the BET model, whose behavior was reported for quince (27).
The monolayer values are important since they represent water
molecules that are adsorbed to form a monolayer on the
sorption sites (23). At this ideal moisture content in boththe
processes of drying and material storage, product stability
will be guaranteed by avoiding chemical and biological
reactions (9).

Sorption behavior of moisture in materials can be derived
from theoretical interpretation of the GAB parameters (23).
The G parameter, which indicates the difference in chemical
potential between water molecules that have been adsorbed
in the first layer and water molecules adsorbed in the
subsequent layers (28), presented lower values with an
increase in temperature, demonstrating that breakage of the
monolayer bonds was temperature-dependent. The parameter
K represents the difference in chemical potential between
bulk liquid water molecules and molecules adsorbed in the
multilayer (28). The values ranged from 1.05 to 1.14 and
from 0.99 to 1.10 for the fresh and blanched yacon samples,
respectively. When K values were close to 1, there was almost

1.60

140 | Blanched
1.20

1.00

0.60 | 74
0.40

020 - R = 0.98902

Predicted value (g H,0/100 g solids)
=]
£

0.00

0.00 020 040 060 0.80 1.00 120 140 1.60
Experimental value (g H,0/100 g solids)

at all the experimental conditions.

no distinction between the multilayer molecules and liquid
molecules, which show the same characteristics as the
molecules in the bulk liquid (28). In comparison with Cg
and K values, G values were much higher than K values,
indicating that the heat of sorption of the first layer was larger
than that of the multilayer (17).
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