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ABSTRACT 

Moisture sorption isotherms of freeze-dried pineapple puip were deter
mined at 5, 25, 30, 35 and 55°C. Water activity were controlled by using 
preselected saturated salt solutions in evacuated glass desskators accord
ing io Wolf et al. (20), where micro crystalline cellulose is the reference 
material for the determination of sorption isotherms. The data were corre
lated in terms of some empirical models involving two single parameters: 
models of Henderson, Oswin, Chung-Pfost, Halsey, Iglesias-Chirife, and 
Smith. Also, the data was correlated by the Guggenheim-Anderson-deBoer 
(G.A.B.) model involving three adjustable parameters. It was found that 
the models proposed by Henderson and iglesias-Chlrife were the most 
useful ones in predicting water activities at different levels and at different 
temperatures. 

RESUMEN 

Comparación de varios modelos de isotermas de sorbición en pulpa de 
pina liofÜízada. 

Se determinaron las isotermas de sorbición a 5, 25, 30, 35 y 55°C para 
pulpo de pina liofilizada. Se contrató la actividad de agua mediante el 
uso de soluciones saturadas de sales en desecadores sellados ai vacío 
siguiendo las recomendaciones publicadas por Wolf y cois. (20) y se utilizó 
celulosa microcristalina como material de referencia en la determinación 
de las isotermas. Los datos obtenidos se correlacionaron en términos de 
modelos empíricos que comprenden dos parámetros simples. Estos modelos 
son de Henderson, Oswin, Chung-Pfost, Halsey, Iglesias-Chirife, y Smith. 
Los datos también se ajustaron con el modelo propuesto por Guggenheim-
Anderson-deBoer (G.A.B.), el cual incluye tres parámetros. Se encontró que 
los modelos de Henderson e Iglesias-Chirife fueron los mes otiles para 
predecir actividades de agua a diferentes niveles y a diferentes tem
peraturas. 

INTRODUCTION 

The relationship between total moisture content and the correspond
ing water activity over a range of values at constant temperature yields 
a moisture sorption isotherm. Sorption isotherms are used in food science 
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and technology for a number of purposes. The main application is in 
drying, mixing, packaging and storing (11). 

Most food products are complex in nature. Theoretical predictions of 
the isotherms are not trivial; therefore, experimental measurements are 
necessary, and existing or proposed models should be carefully tested. 

Many food products, including pineapple pulp, that have not been 
very well utilized in the past are becoming key ingredients in new formu
lations; therefore, it is important to study those properties related to 
food stability, such as sorption isotherms. 

The Langmuir equation (14) for the kinetic approach of adsorption 
isotherms has not been satisfactory for foods because 1) the heat of ad
sorption is not constant over the whole product surface; 2) there is in
teraction between adsorbed water molecules; and 3) adsorption is greater 
than that of only a monolayer (7, 14). Several models are found in the 
literature to represent sorption isotherms in foods. Some of them were 
developed for specific types of products and sets of conditions. Table 1 
lists six reported two-parameter model sorption isotherms considered in 
this study. The Henderson model (8) has been reported as useful in pre
dicting moisture content for different water activity levels. This model 
has been developed on the basis of a rigorous thermodynamic approach. 
Iglesias and Chirife (10) proposed an empirical model to predict sorption 
isotherms in fruits. This model works best in the water activity range of 
0.10 to 0.80. Chung and Pfost (5) developed a general sorption isotherm 

TABLE 1. Equations reported as describing sorption isotkerms.' 

Henderson (8) ( - In (1 - a*) 
A — 

Oswin (17) 

d x T 

X - C, ' -<¿J 
Chung-Pfost (5) -1 -T In (aj 

X = — In ( — ) C, C 

Halsey<4) Ct 
A — 

ln(aj 

Iglesias-Chirife (10) In (X + VX * + X ¡ „) = C, x aw + C2 

Smith (3) X ~Cj + C | X l n ( l - 0 

. % C|, C2 are constant; â , is water activity; X is moisture content; T is temperature; 
X{n is the water content at 0.5 â , level. 
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considering a multilayer adsorption, process. The Halsey equation was 
developed on the basis of condensation of multilayers, given that the 
potential energy of a molecule is proportional to the inverse nth power 
of its distance from the surface. Chirife and Iglesias (4) found that the 
Halsey model provides a good fit for 220 isotherms from 69 different food 
materials. The Smith equation has been useful in describing water sorp
tion isotherms of various biopolymers and food products at a^ of 0.3 - 0.5 
and higher. The Oswin model is a mathematical series expansion for S 
shaped curves, like many food sorption isotherms. From the six two-
parameter models already mentioned, only two (Henderson's and Chung-
Pfost's) include temperature as a variable. 

Recently, it has been found that the three-parameter model proposed 
by Guggenheim-Anderson-deBoer (G.A.B.) is a useful one to predict 
sorption properties (11). This equation is an extension of the Brunauer-
Emmett-Teller (B.E.T.) equation, taking into consideration the modified 
properties of the sorbed water in the multilayer region (12). The G.A.B. 
model is useful to predict data up to about water activity levels of 0.9, 
and it gives a better fit than the B.E.T. equation over a wide range of 
moisture contents. The G.A.B. equation has the following expressions; 

W CKa w . 
Wm (l-Kaw)(l-Kaw + CKaw) 

_ 2 + (Wg/W-1) C-{[2 + (Wm/W-1) C? - 4(1-0)}" 
a, 2KTTc7™ " ~~~" L J 

where W is water content (dry basis), Wm is the water content at 
"monolayer," C is the G.A.B. sorption constant related to monolayer 
properties, K is the G.A.B. sorption constant related to multilayer pro
perties. The definition for the constants C and K are: 

C = c e x p ( 2 | ^ ) [3] 

K = k e x p ( i | ^ ) [4] 

where c and k are entropic accommodation factors, Hm is molar sorption 
enthalpy of the monolayer, Hn is molar sorption enthalpy of the mul
tilayer, Hp is molar enthalpy of evaporation of liquid water, R is the gas 
constant, and T is absolute temperature. 
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The G.A.B. equation can be transformed to: 

W 

where 

a aw
2 + p ^ + 7 t5] 

K 1 
w m

 x C C " 

4-x [1 -
v v m 

1 
Wm x c x k 

1] 

^ > 

a ^ — X [ - - 1] [6] 

y = Hr w „ i [8] 

The quadratic expression [5] can be used to determine the a, p, and 7 
coefficients. Meanwhile, the k, c, and Wm values can be evaluated from 
a, p, and 7 values. 

In general, a good sorption isotherm model is the one able to predict 
moisture content as a function of water activity in a wide range and for 
different temperatures. What is also an important consideration in select
ing a model is the physical meaning of the parameters and variables 
involved. 

Some models are good predictors of the sorption properties in a very 
specific range. Even though they offer some limitations, they could be 
easier to use or more accurate in their applicable range than those that 
are valid in a much wider water activity interval. It is also expected that 
the model constants will not be affected by temperature. 

Even though there are no specific rules about the number of paramet
ers in a model, in general, it is desirable to use the model with the least 
number of parameters because it will facilitate interpretations of results 
and curve fitting. 

In general, when dealing with sorption measurements and sorption 
data, a reference system is recommended. In recent years, a group of 
European research laboratories developed such a system. It consists of 
a reference material, simple standard equipment with handling proce
dures, and recommendations for the evaluation of results. The reference 
material, macrocrystalline cellulose Avicel PH 1014 (MCC) manufactured 

•'Trade names in this publication are used only to provide specific information. Mention 
of a trade name does not constitute a warranty of equipment or materials by the Agricul
tural Experiment Station of the University of Puerto Rico, nor is this mention a statement 
of preference. 
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by the FMC Company, was selected (11). This general approach has been 
taken by several research groups, and our work was done under the 
suggested framework. 

Previous works on sorption isotherms of fruits include the one by 
Iglesias and Chirife (9) They reported monolayer values for freeze-dried 
pineapple pulp by using the B.E.T. equation. Their results were: Wm = 
19,5, 10.8, and 7.3 g/100 g at 5, 45 and 60°C, respectively. Further studies 
on the accurate characterization of the pineapple pulp sorption isotherms 
in a wide range of water activities is needed because this product is 
becoming a key ingredient in formulated foods. 

The objective of this study was to compare two-parameter models 
and the G.A.B. model to predict the moisture sorption isotherms of 
freeze-dried pineapple pulp at several temperatures (5, 25, 30, 35 and 
55°C). This comparison will help in selecting the right model for each 
range of application. 

MATERIALS AND METHODS 

The study was conducted on freeze-dried pineapple pulp. The pulp 
was collected from fruit juice manufacturing after centrifugation. The 
pulp was frozen to -5°C to reduce enzymatic activity and fermentation. 

Slices of frozen pineapple, 1.0 cm thick, were dried in a Dura Stop 
Freeze Dryer (FTS Systems, Inc., New York, NY)4. The dried pulp was 
comminuted and the powdered product stored in plastic vessels with 
silica gel. 

Sorption measurements were made at different water activity levels 
and temperatures. These levels were controlled by using preselected 
saturated salt solution in glass dessicators, according to Wolf et al. (20). 
The salts used were LiCl.H2 0, MgC1.6H20, K2C03, NaBr.2H20, NaCl, 
KC1, K2Cr04 and K2S04 corresponding to the following water activities 
at 25°C: 0.11, 0.32, 0.43, 0.58, 0.75, 0.85, 0.87, and 0.97, respectively. 
Microcrystalline cellulose (Avicel PH-101, FMC, New York, NY)4 was 
the reference material for the determination of sorption isotherms be
cause of its defined and stable sorption properties. In general, test runs 
were made at temperatures in the range of 5 to 55°C. In order to deter
mine the water content, we dried samples of 10 grams of the freeze-dried 
pineapple pulp in a vacuum oven, where the pressure was less than 100 
mm Hg, at 70°C for 6 hours according to A.O.A.C., sections 22.013 and 
22.014 (2). Moisture content was calculated from the weight of the dry 
sample and expressed as percentage of original sample. 

In the case of the six two-parameter models, the equations were 
rearranged in a linear expression to relate the water activity and the 
equilibrium moisture content. The constants of each model are evaluated 
by a linear regression analysis. 
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A quadratic regression was conducted on sorption data to obtain the 
a, p, and 7 values for the G.A.B. model. The original parameters (Wm, 
k and C) were calculated after solving equations 6, 7, and 8. Only the 
positive solution of the second degree equation was considered because 
of its physical meaning. 

The quality of the fit was judged from the value of the percentage 
root mean square: 

VK-^) 
% RMS = V ~ ^ x 100 [9] 

N 

where W¡ is the experimental -water content, W* is the calculated water 
content, and N is the number of experimental points. 

Each data point reported is the average for three replicates, and each 
test was conducted with a fresh sample. All measured values were con
sidered and the mainframe version of SAS ™ was used to perform all 
statistical analyses. 

The regression was performedd using the raw data, i.e., without av
eraging the three values measured at each water activity level. 

RESULTS AND DISCUSSION 

Figure 1 shows the equilibrium moisture content for freeze-dried 
pineapple pulp at different temperatures. The shape of the water sorp
tion isotherms was similar to those reported for other freeze-dried fruits 
and food models. At water activity levels below 0.5, equilibrium moisture 
content remains under 20 kg H20/100 kg of dry solids; nevertheless, when 
water activity is over 0.5, the equilibrium moisture content increases 
faster with small increments in water activity. The temperature effect 
in the sorption process is more evident at upper water activity levels. In 
general, as temperature is increased, equilibrium moisture content de
creases. These results agree with sorption results reported for other 
fruits and food model systems (15), snack foods (12), papaya (6), banana 
(16) and plantain (1). 

Figure 1 also shows that for water activity values higher than 0.8 
there is a dramatic increase in moisture content; thus, it is difficult to 
describe the behavior of the product in the entire water activity range 
with a single model. The sorption data at 55°C was very low, and the 
typical sigmoid curve was not detected. The sorption values of microcrys-
talline cellulose at the selected water activity levels are shown in figure 
2; results are very similar to those accepted as standards by COST 90 
and reported by Jowitt et al. (11). 
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FIG. 1.—Sorption moisture isotherms for freeze-dried pineapple pulp at 5, 25, 30, 35 
and 55°C. 
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FIG. 2—Sorption moisture isotherm for microcrystalline cellulose at 26'C. 
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The sorption data of freeze-dried pineapple pulp was interpreted in 
terms of six two-parameter sorption models: Henderson (8), Iglesias-
Chirife (10), Oswin (17), Chung-Pfost (5), Halsey (4) and Smith (3). A 
linear regression analysis for each model, using the experimental data in 
selected intervals, permits the evaluation of the fitting parameters of the 
equations. Table 2 shows the regression results for all six two-parameter 
models under consideration. 

TABLE 2. Regression results for different sorption isotherm models applied to freeze-dried 
pineapple pulp 

Sorption model 

Iglesias and 
Chirife 

C, (bp) 
C2(p) 
r2 

Std. error 

Henderson 
C t (*1(H) 
n 
r* 
Std. error 

Oswin 

c, n 
r* 
Std. error 

Chung-Pfost 
Cj (*102) 
C2(*10-3) 
r8 

Std. error 

Halsey 
Ci 
n 

r2 

Std. error 

Smith 
C, (* 10) 
C2(*10) 
r2 

Std, error 

5 

3.37 
1.42 
0.99 
0.06 

3.88 
0.67 
0.96 
0.20 

16.89 
1.22 
0.99 
0.10 

-1.91 
3.00 
0.78 

38.62 

1.07 
-0.55 

0.93 
0.18 

-7.13 
-8.27 

0.87 
34.83 

25 

3.82 
1.08 
0.95 
0.18 

3.94 
0.77 
0.96 
0.18 

9.04 
0.95 
0.91 
0.26 

-27.70 
2.30 
0.98 
0.13 

0.99 
-0.63 

0.96 
0.12 

-1.03 
^2.62 

0.93 
6.68 

Temperature (°C) 

30 

3.19 
1.48 
0.97 
0,09 

2.43 
0.92 
0.99 
0.09 

11.85 
0.91 
0.99 
0.07 

-8.11 
1.70 
0.96 
2.24 

1.35 
-0.76 

0.93 
0.16 

-0.88 
-2.27 

0.97 
3.43 

35 

3.23 
1.43 
0.95 
0.16 

2.57 
0.91 
0.98 
0.13 

13.06 
1.00 
0.99 
0.04 

-8.79 
1.60 
0.96 
2,26 

1.27 
-0.74 

0.92 
0.20 

-1.35 
^2.46 

0.95 
4.75 

55 

3.26 
1.06 
0.97 
0.12 

3.72 
0.93 
0.96 
0.21 

9.26 
1.17 
0.99 
0.06 

-13.95 
1.40 
0.96 
1.29 

0.72 
-0.53 

0.93 
0.14 

0.62 
-0.55 

0.86 
2.36 
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Figures 3, 5, 7, 9 and 11 show the representation of sorption data 
using the Henderson, Igiesias-Chirife, and Halsey models. The Hender
son equation, as well as the Igiesias-Chirife equation, fits the experimen
tal data well. The constants corresponding to the Henderson model are 
similar to the values reported for other similar fruits such as peaches and 
prunes (8). In terms of the Igiesias-Chirife equation, the "b" and "p" 
values are similar to those reported for whole pineapples. One of the nice 
features about these three models is that the two parameters in each of 
these models did not change much with temperature. 

A good agreement was found between the experimental and the pre
dicted data during the Oswin equation below 0.55 water activity level. 
The constant "n" of the model is less sensitive to temperature than the 
constant "C." The Chung-Pfost model showed good predicting 
capabilities when applied to data between 25 and 55°C. The constants of 
the Smith equation showed significant temperature dependency. Fig
ures 4, 6, 8, 10 and 12 show the plots for Oswin, Smith, and Chung-Pfost 
models. 

In general, the six two-parameter models exhibited good predictibil-
ity capabilities in the following water activity ranges: 

Halsey 
Henderson 
Igiesias-Chirife 
Oswin 
Smith 
Chung-Pfost 

0 
0 
0 
0 
0.75 
0.5 

0.75 
1.0 
0.85 
0.55 
1.0 
1.0 (not acceptable at 5°C) 

These ranges were identified by assessing the goodness of fit of the 
model in a given water activity interval. If the coefficient of determina
tion was lower than 0.85, the proposed interval was not acceptable, and 
a new one should be considered until exceeding this lower limit. 

Table 3 presents the regression results for freeze-dried pineapple 
pulp and microcrystalline cellulose using the G.A.B. model. The C, K, 
Wm values obtained for microcrystalline cellulose are close to the COST 
standards (11) (C = 8.776, K = 0.772, and Wm - 4.064). In general, the 
results for pineapple pulp were acceptable because the data was spread 
among the entire range of water activities. In some eases, because ex
tremely high or extremely low hygroscopicity (at 5° and 55°C, respec
tively), it was not possible to calculate the C, K, and Wm values. This is 
not unexpected because the model was tested beyond the range of 
applicability, i.e., water activity higher than 0.9 and very low moisture 
contents. It is also important to mention that the monolayer values (Wm) 
predicted by the G.A.B. model are similar to those predicted by Igiesias-
Chirife (9) using the BET equation. Goodness of fit of the G.A.B. equation 
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PIG. 3.—Isotherm representation by different sorption models at 5°C. 

in a wide range of conditions, and its physically meaningftil coefficients 
make this model an attractive one to predict the sorption properties of a 
variety of food products, including the freeze-dried pineapple pulp. 
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In conclusion, sorption data of freeze-dried pineapple pulp may be 
predicted by all the models discussed in this study, provided they are 
used in the water activity and temperature ranges already indicated. On 
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the basis of the range of applicability, the slight variation of the constants 
with temperature, and the fact they have only two parameters, the most 
useful models were the ones proposed by Henderson (8) and Iglesias 
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-Chirife (10). All the correlation coefficients for these two models were 
above 0.95. The G.A.B. model could be useful also, but it has more 
parameters and is more elaborate to estimate. 
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FIG. 11,—Isotherm representation by different sorption models at 55°C. 
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