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ABSTRACT

The oil content remaining in deep-fried banana causes a short shelf life of the
product due to lipid oxidation leading to rancidity. To alleviate this problem, this research
was therefore to study the method to produce the crispy banana by using foaming
technique and different drying techniques viz. hot air drying, vacuum far infrared drying
(vacuum FIR), freeze drying (FD) and multistage drying. Furthermore, the pretreatment
methods in order to prevent the browning reactions were also studied and considered
their effect on the quality of crispy banana.

The banana slices after decreasing moisture content below 4% d.b., which is
normally required for snack, using air temperatures of 110 to 140°C had intense brown
although the samples before drying was pretreated with anti browning reagents viz.
ascorbic acid, sodium metabisulphide and blanching. The banana sample pretreated by
blanching had lower hardness but highest shrinkage as compared to other reagents. The
finished product color and texture property in terms of number of peaks and initial slope
(stiffness) from the force deformation curve can be significantly improved when the
banana slices was processed with multistage drying. In multistage drying, the samples
were dried with hot air at low temperature in order to reduce moisture to certain level.
They were then dried or puffed with superheated steam at 180°C for a very short period
of time and dried again to the desired moisture content using low-temperature drying.
The finished product quality obtained by the multistage drying when compared to the
above-mentioned drying methods was very different. The banana dried by multistage
drying was crispier and lower shrinkage than the vacuum FIR-dried banana, but the
product color was relatively browner, corresponding to the color group of grayed-orange
163C. However, the volatile compounds of finished product as measured by GC-MS
device lost in a large quantity for the samples from the vacuum FIR and multistage
drying, but could be maintained almost the same as those of fresh banana for the FD-
dried product. However, the FD-dried product was not crispy.

In addition to the above drying methods, foaming banana before drying can
produce the crisp banana. The fresh egg white was used as a foaming agent. The hardness
of dried foamed banana was generally significantly smaller as compared to that of the
finished product obtained from the above drying methods. The degree of crispness, as
characterized by the number of peaks and initial slopes, and hardness of dried banana
foam was depended on the banana foam density before drying. The drying temperature in
the range of 60 to 80°C insignificantly affected the quality parameters such as texture and
color. Due to instability of egg white foaming agent, the produced banana foam was
collapsed during drying and consequently, the sample was shrunk by approximately 50%
of the thickness at beginning of drying. To produce the crisp banana foam, it
recommended to prepare the banana foam density of 0.5 g/cm® and dry it at 80°C. The
finished product obtained at the recommended condition had hardness and texture

property similar to the Hi Crack ' commercial cracker.

One PhD student, 5 Master students and 9 undergraduate students were the output
of this research work, along with 4 papers published in the international journal, one
paper in local journal, 2 papers in the international conferences and 8 papers in the
national conferences.
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Abstract

High temperature drying may give rise to hydrostatic pressure gradients of moisture inside the dried sample and subsequently leads to
large voids, resulting in crispy product. In this study, the drying characteristics as well as various quality attributes, namely, colors,
shrinkage and textural property of banana slices dried at high temperatures (110-140 °C) in a tray dryer were explored. Banana slices
were dried from the initial moisture content of 250-300% dry basis to the required final moisture content of 4% dry basis. The analysis of
the drying rate evolution revealed three drying regimes, i.e., warming-up and two falling rate periods. The effective diffusion coefficient of
banana was found to increase with a decrease of the moisture content until a certain moisture content after which the diffusivity
decreased. In terms of quality, the large pore assembly was produced at higher temperature of 120 °C as observed from SEM micro-
graphs. The drying temperature also significantly affected the colors, shrinkage and texture of bananas.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Colors; Effective diffusivity; Snack; Texture

1. Introduction

Bananas are a favourite fruit widely grown in the areas of
tropical and subtropical climates. After harvesting, the
quality of bananas deteriorates rapidly. Drying is largely
utilized to stabilize the product by reducing its moisture
content. In addition to preservation, drying can also create
new range of products and this indeed adds value to fresh
bananas. Banana chips are one of the value-added products
from fresh bananas. Banana chips can be consumed as a
snack or used as an ingredient in breakfast cereal. To pro-
duce banana chips, thin-sliced bananas are normally fried
with vegetable oil. However, the obtained product generally
contains high oil content and cannot be kept for an
extended period of time due to possible lipid oxidation lead-
ing to rancidity. To alleviate this problem, drying can be
employed instead to produce banana chips. To obtain chips

* Corresponding author. Tel.: +662 470 9221; fax: +662 428 3534.
E-mail address: somkiat.pra@kmutt.ac.th (S. Prachayawarakorn).

0260-8774/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jfoodeng.2007.08.011

with desired texture (crispness), high temperature drying is
needed to generate internal pressure gradients.

Migration of moisture and transfer of heat induce stres-
ses inside food materials, which consequently lead to many
physical changes such as cell wall collapse and shrinkage
(Lozano, Rotstein, & Urbricain, 1983; Panyawong &
Devahastin, 2007; Tsami & Katsioti, 2000). Such deforma-
tions are the determinant of textural properties in foods.
Several studies have reported that higher drying rates,
obtained by higher drying temperatures, result in higher
degrees of deformation of food products (Li, Seyed-Yago-
obi, Moreira, & Yamsaengsung, 1999; Markowski, Cen-
kowski, Hatcher, Dexter, & Edwards, 2003). Hofsetz and
Lopes (2005) indeed reported that crispy bananas obtained
by the combination of high temperature and short time
drying stage required less force to break and exhibited
many fracture points from the plot of force—deformation
curve as drying temperature and time increased.

In addition to the above physical changes, other organo-
leptic properties including colors are altered when foods
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Nomenclature

effective moisture diffusion coefficient, m?/s
thickness of material, m

moisture content, dry basis decimal

initial moisture content, dry basis decimal
equilibrium moisture content, dry basis decimal
moisture content at the surface of banana slice,
dry basis decimal

MR moisture ratio, %E?:AAZT
mass of cylindrical tube, g

@
K=}

<xEECo

«

, dimensionless

3
iS)

Mph mass of cylindrical tube with n-heptene, g

mpns  mass of cylindrical tube including n-heptene and
sample, g

mg mass of sample, g

t drying time, s

V volume of sample, cm?

Greek Letter
Ph density of n-heptane, g/cm®

are exposed to thermal treatment. The changes in colors of
foods are the results of the browning reactions and pigment
degradation (Barreiro, Milano, & Sandoval, 1997; Lopez
et al., 1997, Maskan, 2001). The color changes, more or
less, depend on the reducing sugar content, the temperature
and the exposure time (Feng & Tang, 1998; Ibarz, Pagan,
& Garza, 1999; Krokida, Tsami, & Urbricain, 1998; Mar-
quez & AnWén, 1986). Spectrophotometer and tristimulus
colorimeter are frequently used to examine the colors of the
products. The latter method was used to determine the
color changes of banana slices in the present work.

In this work, drying kinetics, color changes, morphology
and textural properties of banana slices were studied. The
Fick’s second law of diffusion coupled with an optimiza-
tion technique was also utilized to determine the effective
diffusion coefficient of bananas undergoing high tempera-
ture drying.

2. Materials and methods
2.1. Experimental set-up

Banana slices were dried using a tray dryer consisting of
a 0.3m x 0.3m x 0.1 m drying chamber, a 13.5 kW elec-
trical heater and a backward curved blade centrifugal fan
driven by a 2.2kW motor as schematically shown in
Fig. 1. The samples were placed on a stainless steel tray.
The bottom surfaces of the samples, which were contacted
with the tray, were not exposed to hot air. The desired air

T Exhaust air

[Ty >

Airflow direction

Electrical heater

Centrifugal fan

Fig. 1. Schematic diagram of tray drying system.

speed was controlled by a frequency inverter, which gov-
erned the rotation speed of the motor.

2.2. Material preparation

Gros Michel bananas were purchased from a local
supermarket at the dark green stage and were allowed to
ripen at room temperature. The fresh bananas contained
soluble solids content of approximately 23-25° Brix as
measured by a refractometer and had the yellow and green
tip, corresponding to the color index no. 5 (Anon, 1972).
The initial moisture content of bananas ranged between
250% and 300% dry basis. After peeling bananas were
sliced to 3 mm thickness using a cutting machine.

2.3. Drying of banana slices

Before starting of each drying experiment, the drying
system was warmed up until the required temperature
was attained. Drying of banana slices was performed at
the temperatures of 110, 120, 130 and 140 °C and at the
superficial air velocity of 0.9 m/s. Inlet air temperature
was controlled by a PID type controller with an accuracy
of +1 °C. The samples were taken out from the dryer to
determine their moisture content at every 5 min using an
electronic balance with a precision of +0.01 g. At the end
of each experiment, the moisture content of the samples
was determined by drying them in an oven at 103 °C for
3 h. The drying experiments were performed in triplicate.

2.4. Color measurement

The colors of banana slices were measured both before
drying and at different predetermined periods by a Minolta
CR-300 colorimeter. Because the colors of the dried sam-
ples were not uniform throughout their surface, being
rather brown near the central area and yellow near the
periphery, the samples were ground before each color mea-
surement. Each data point presented was obtained from
the measurement of 10 samples. The colors were expressed
as L-value (brightness/darkness), a-value (redness/green-
ness) and b-value (yellowness/blueness).
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2.5. Texture measurement

Dried banana slices at moisture content of 4% dry basis
were kept in sealed plastic bags at room temperature for
two days prior to texture measurement. Textural attributes
of banana were measured using a texture analyzer TAXT2i
fitted with a 5-N load cell. The samples were fractured with
a 2-mm cylindrical probe using a test speed of 1 mm/s. The
probe moved down vertically and crossed over the sample
slice placed on the base. The maximum compression force
and the stiffness (initial slope) in the force-deformation
curve of each sample were considered as an indication of
the hardness and crispness of the sample, respectively.
Ten measurements were performed on the samples
obtained from each drying condition.

2.6. Microstructural evaluation

The morphology of fresh and dried bananas was charac-
terized through the use of a scanning electron microscope
[model JEOL 5800LV, Tokyo, Japan] at an accelerating
voltage of 10 kV. Before scanning for the morphology of
the fresh banana, the specimens were dehydrated in the
ascending ethanol concentrations of 10%, 30%, 50%,
70%, 90% and 100%. The sample was then dried by the crit-
ical point method (Dinand, Chanzy, & Vignon, 1999; Silva
& Luh, 1978) in a Tousimis Samdri b780 critical point
dryer (Tousimis, Rockville, USA) operated with CO,.
For the dried samples, they were dipped into liquid N,
for 5 s. Before photographing, the specimens was prepared
and made into the dimensions of 5 x 5 mm?® and then glued
on the metal stub. The samples were then coated with gold
(~20 nm thickness) and scanned and photographed.

2.7. Shrinkage measurement

Ten samples were used for each shrinkage measurement.
Shrinkage was defined as the difference in volume of the
original sample and that of the dried sample relative to that
of the original volume:

i

% shrinkage = x 100 (1)

1

where V; and V are the volume of the fresh sample and the
volume of the dried sample, respectively. The volume of
each sample was measured using n-heptane as the replace-
ment liquid. Each sample was first weighted and placed in a
cylindrical tube. The sample volume, V, was then calcu-
lated using the following equation:

[mpn — mp] — [mpns — my, — my]
Pn

V=

(2)

where my,;, is the mass of the cylindrical tube with n-hep-
tane, m,, is the mass of empty cylindrical tube, myp, is the
mass of the cylindrical tube with sample and n-heptane,
my is the mass of the sample and py, is the density of n-hep-

tane. The average value of ten samples was reported. An
error of the measurement was +2.0% by volume.

2.8. Determination of moisture diffusivity of bananas

In this study, banana slices were assumed to have an
infinite slab shape. Therefore, the moisture diffusion within
each slice is described by the Fick’s second law (Crank,
1975):

OM(x,t) O OM (x, 1)

o ox (D(M) ox ) ®)
or
oM (x,1) O*M(x,t) OM(x,t) OD(M)

or (M) ox2 + &  ox “)

If the effective diffusion coefficient is constant, the last term
on the right hand side of Eq. (4) needs not be considered.
To calculate the moisture profiles inside each banana slice
from Eq. (4), the initial and boundary conditions are re-
quired. In this work, it was assumed that the mass transfer
resistance due to convection was negligible and the mois-
ture diffusion occurred at an isothermal condition. During
drying the evaporation of moisture occurred from the top
surface, which was exposed to hot air, while no moisture
evaporation took place at the bottom since the sample sur-
face was covered with foil. The following initial and bound-
ary conditions were then used:

Mx,t)=M;,, 0 <x<Lat¢t=0 (5)

M(L,t)=M, x=Latt>0 (6)
oM (x,t

and #:O x=0atsr>0 (7)

Eq. (4) was discretized using a forward time central space
method (FTCS):
Internal node:

ME My (M =M+ M
Ar Ax?
MLTH _M[‘H Dt‘+1 - D; 1
1 1 1 1— 8
() e

At the top surface:
M= M )

At the bottom:

My — M} My, — M
'—KT—:w(—iﬁ—) (10)

To estimate the effective moisture diffusivity as a function
of moisture content, the optimization technique using sim-
plex method was used. Before optimization, it was neces-
sary to identify the equation, which could describe the
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relationship between the moisture and the diffusivity.
Several equations reported by Sano and Yamamoto
(1990) and Yoshida, Imakoma, and Okazaki (1991) were
first tested and the calculated results showed that those
equations inadequately fitted with the experimental results
as indicated by R? values which were less than 0.5.

Another empirical form which could suitably describe
the relationship between the diffusion coefficient and the
moisture content as well as the temperature is

H
D = Aexp <bM+cM2+dM3+eM4+?> (11)

where 4, b, ¢, d, e and H are the constant parameters ob-
tained from the optimization. Eq. (11) was found to ade-
quately describe the diffusion coefficients of porous food
materials, e.g., biscuit, bread, muffin and cooked rice
(Ramesh, 2003; Tong & Lund, 1990). In the calculation
the sample was divided into 20 nodes and At of 0.1 s was
used.

3. Results and discussion
3.1. Drying characteristic curves

Fig. 2 shows the semi-log scale plot of drying curves of
banana slices at temperatures of 110, 120, 130 and 140 °C.
These curves reveal that the decrease of moisture content
with time is in a non-linear fashion, indicating that the
moisture movement is controlled by diffusion and that dif-
fusion is dependent on the moisture content of the samples.

Improvement of drying rates was rather different at dif-
ferent drying temperatures. As shown in Fig. 2, the mois-
ture decrease was slightly faster at 120 °C than at 110 °C.
However, when the drying temperature shifted from 120
to 130 °C, much larger difference in the moisture reduction
rates was observed. The higher capability of removing
moisture at temperatures higher than 120 °C can possibly
be explained by a couple of reasons. Firstly, banana mor-
phology was different; large pores inside banana were

1.000 #
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—& 120°C
—— 130°C
& —— 140°C
S 0.100 1
S
®
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e
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Drying time (min)

Fig. 2. Drying curves of banana slices at different temperatures.

formed at temperature higher than 120 °C. These large
pores facilitated the transport of moisture. The details of
pore formation will be discussed later. The acceleration
of the movement of water molecules at higher temperatures
also took part in a more rapid decrease of the moisture
content.

Fig. 3 presents the experimental drying rates of banana
slices at different drying temperatures. Drying of banana
slices exhibited three distinct drying periods, warming-up
and two falling rate periods. In the warming-up period,
the drying rates were almost constant as the moisture con-
tent of the sample reduced from the initial moisture content
to approximately 220% dry basis. This drying period
existed for a very short period of time, approximately 4—
7 min depending on the drying temperature used.

In the latter drying periods, the drying rates decreased
with a decrease in the moisture. During the first falling rate
period, the drying rates decreased non-linearly with the
moisture content until the moisture content reached
approx. 80% dry basis as shown in Fig. 3. Then, the second
falling rate started. The drying rates in the second falling
rate period decreased linearly and more slowly than the
first falling rate period.

Some early works relevant to banana drying have also
reported three drying regimes although the drying condi-
tions employed were different. Mowlah, Takano, Kamaoi,
and Obara (1983) and Jannot, Talla, Nganhou, and Puig-
gali (2004) found a warming up period followed by two
falling rate periods. Sankat, Castaigne, and Maharaj
(1996) observed the two falling rate periods when drying
both fresh and osmotically-dehydrated banana slices. In
their work, the critical moisture content, at which the
decrease of the drying rate with the moisture content chan-
ged from the linear to non-linear fashion, was found at the
moisture content around 100% dry basis which was rela-
tively high compared with that observed in the present
study (approx. 80% dry basis). The difference of the values
of critical moisture content is possibly due to different
moisture gradients and surface moistures, according to dif-
ferent drying conditions.

0.300
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First falling rate period "
period

Second falling !
0250 { pateperiod !

Drying rate (kgwater/kgdry matter™S)
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[ ]
L 2
A

110°C
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Moisture content (% dry basis)

Fig. 3. Drying rates of banana slices at different temperatures.
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As shown in Fig. 3, the drying rates of banana slices at
the temperature of 120 °C are slightly higher than those at
the temperature of 110 °C. Beyond 120 °C, the drying rates
were greatly enhanced with increasing temperature
throughout the entire range of moisture content.

3.2. Moisture diffusivity of bananas

Fig. 4 shows the dependence of effective diffusion coeffi-
cient on the moisture content and temperature. The effec-
tive diffusion coefficient increased with a decrease of the
moisture content, then reached the maximum value at the
range of the moisture content of 50-60% dry basis and
eventually decreased with the moisture content. This trend
of the change of moisture diffusivity with moisture content
is similar to that reported in the case of drying porous
granular Amioca (Karathanos, Villalobos, & Saravacos,
1990) and in the case of adsorption of water vapor by the
dried biscuit (Guillard, Broyart, Guilbert, Bonazzi, & Gon-
tard, 2004).

The trend of increasing moisture diffusivity noted in the
present study is opposite to that reported in the literature,
which shows the monotonic decrease of the moisture diffu-
sivity as the moisture content decreases (Sankat et al.,
1996). The different trends are possibly due to different dry-
ing conditions which may produce different mechanisms
and morphologies of banana slices. The vapor diffusion
of water is possibly the main mechanism of mass transfer
in our work whereas liquid diffusion is dominant in low
temperature drying (7'< 80 °C). In addition, shrinkage of
banana and the formation of pores facilitated the transport
of moisture from the inside to the outside of the samples.
At lower moisture contents of 60% dry basis, which was
in the second falling rate period, the values of effective dif-
fusion coefficient dropped sharply since water in the bana-
nas was strongly bound on the sorption sites of the sample
solid matrix.

The constant parameters in Eq. (11) obtained from the
numerical method, together with R value, are shown in
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Fig. 4. Effective diffusion coefficients of banana slices at different
temperatures.

Table 1

Constant parameters in Eq. (11) at drying temperatures

Constant parameters R?
A b c d e H

7.67 % 107° 5.53 —5.02 0.176 0.361 —595.43 0.954

Table 1. These constant parameters were reasonably used
in the moisture range of 4-250% dry basis and the temper-
ature range of 110-140 °C.

3.3. Morphology of bananas

Fig. 5 shows the morphologies of banana slices dried at
the temperatures of 110, 120, 130 and 140 °C. After drying
morphologies of banana slices were noticeably different
from that of the reference sample; the dried samples
became porous whilst the morphology of the reference
sample was relatively dense. The pore formation after dry-
ing is possibly due to the evolution of the water vapor
inside the samples. Such change in turn led to the develop-
ment of the internal pressure and breakage of the sample
tissues, resulting in pore formation. These pores might
affect not only the transport properties such as the diffusiv-
ities of gases and liquids in the samples, but also the crisp
texture of the samples, which is essentially required for
snack foods.

As shown in Fig. 5, the produced pores were irregular in
shape and random in size. The pore development depended
strongly on the drying temperature used. The highly por-
ous banana slices were obtained when using the tempera-
tures higher than 120 °C, with larger pore sizes of
100 ym. The dried banana slices became less porous at
lower drying temperatures, particularly at temperature
110 °C.

3.4. Colors

Fig. 6 shows the evolution of color parameters with the
drying time and temperature. When the drying time was
longer, the colors of banana slices changed from slight yel-
low to brown, which corresponded to increase in the AL-
values and Aa-values, presenting darker and redder of
banana slices. On the other hand, the Ab-values exhibited
oscillatory feature, increasing during an early period of
drying until reaching the maximum values and then drop-
ping to the lowest values before rising up again at the later
period of drying. According the above changes, the L-val-
ues were the most sensitive color parameter during drying.
This was followed by the a-values and the b-values, being
the least sensitive color parameter. For example, AL-value,
Aa-value and Ab-value of a dried banana slice were, respec-
tively, 30, 16 and 4 at the drying temperature of 110 °C.
Note that the L-, a- and b-values of fresh banana were
78 £2.2, —2.6 0.4 and 27 + 1.7, respectively.

The trends of the changes of L- and a-values with the
drying time were similar to the color changes of kiwifruits
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Fig. 5. Morphologies of banana slice after drying at different drying temperatures.

during microwave drying (Maskan, 2001). The reduced
luminosity involves the destruction of thermolabile pig-
ments, which consequently results in the formation of dark
compounds (Barreiro et al., 1997). An increase of the a-
value, on the other hand, may be due to the formation of
brown pigments (Lopez et al., 1997; Maskan, 2000).

As shown in Fig. 6, the changes of L-, a- and b-values
during the first 20 min of drying were only slightly different
over the drying temperature range of 110-130 °C. This per-
iod of drying corresponded to higher moisture content than
100% dry basis, which covered the warming-up period and

some parts of the first falling rate period. In this moisture
range, the moisture content of banana slices was suffi-
ciently high and the product temperature during drying
might not be very different within the drying temperature
range of 110-130 °C; this is because the heat transferring
to bananas was mostly utilized for vaporizing moisture
instead of heating the bananas. Accordingly, the rates of
browning reactions were not very different amongst the
high and low temperature drying. Hence, color differences
were still small. At lower moisture content, corresponding
to the second falling rate period where drying rates
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Fig. 6. Evolution of color parameters for banana slices with times and
temperatures.

dropped rapidly (see Fig. 3), however, the color changes
with time were rapid because the product temperature
increased rapidly.

3.5. Shrinkage

Fig. 7 shows the shrinkage of dried banana slices. The
initial thickness of bananas was 3 mm. When banana slices
were exposed to heat, they shrunk. The shrinkage of bana-
nas depended on the drying temperature used. A lesser
extent of shrinkage was found at higher drying tempera-
tures. The percentages of shrinkage for dried bananas were
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Fig. 7. Shrinkage of banana slices at different temperatures.

42% + 4, 37% + 6, 29% + 2 and 24% =+ 1.5 when using the
drying temperatures of 110, 120, 130 and 140 °C, respec-
tively. The lower shrinkage of bananas at higher drying
temperatures can be attributed to the lower moisture con-
tent of the external surfaces, which might induce a rub-
bery-glass transition and the resulting formation of rigid
crust at the outer layer that helped fixing the size of sam-
ples (Mayor & Sereno, 2004). On the other hand, as drying
proceeded, the internal tissues split and broke, rendering
the large pore formation as previously shown in Fig. 5.
Wang and Brennan (1995), Del Valle, Cuadros, and Aguil-
era (1998) and Li et al. (1999) also noted the formation of
larger pore sizes at higher temperatures.

3.6. Textural properties

Fig. 8 shows the hardness of banana slices at the end of
drying. The final moisture content of banana slices taken to
examine the texture ranged between 3% and 5% dry basis.
The values of hardness were between 6 and 10 N for
banana slices dried in the temperature range of 110-
140 °C. The statistical analysis using Duncan’s test indi-
cated the insignificant effect of the drying temperature on
the hardness (P > 0.05).

However, the effect of temperature on the stiffness was
significant as shown in Fig. 9, revealing that high values
of stiffness were obtained at higher drying temperatures.
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Fig. 8. Hardness of dried banana slices at different temperatures.
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Fig. 9. Stiffness of dried banana slices at different temperatures.

The stiffness values were in the range of 2640-26,900 N/m
when drying was performed at 130 and 140 °C and of
7200-15,000 N/m when drying was performed at 110 and
120 °C. According to theses values, it implied that banana
slices were crispier when drying was performed at temper-
atures higher than 120 °C.

4. Conclusions

The drying rates of banana slices at high drying temper-
atures can be divided into three regimes, warming-up per-
iod and two falling rate periods. The effective moisture
diffusion coefficients of bananas were found to vary with
the temperature and moisture of the samples. The forma-
tion of large pore assembly, as revealed by scanning elec-
tron microscopy, was noted at a higher drying
temperature of 120 °C. The formed large pores led further
to lower shrinkage, due to the formation of rigid outer
structure. In addition, the values of the stiffness were signif-
icantly higher when drying was performed at higher tem-
peratures of 120 °C whereas the hardness of dried banana
slices was insignificantly affected by the drying tempera-
ture. Although some physical properties were superior,
higher-temperature drying induced greater changes of
banana colors as indicated by the lower L- and higher a-
values. The colors of banana slices became especially
brown when drying was in the second falling rate period.
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Abstract

The combination of foaming and drying is an alternative method to produce crisp banana chips. The influences of whipping time and
egg albumen concentration on the foam density were studied. The influences of foam density, drying temperature and egg albumen con-
centration on the drying characteristics and qualities of the final products in terms of shrinkage, texture and microstructure were sub-
sequently evaluated. Banana puree with egg albumen, which was used as the foaming agent, was foamed to the densities of 0.3, 0.5 and
0.7 g/cm®. Banana foam mats with 5 mm thickness were then dried to the moisture content of 0.03 kg/kg db at 60, 70 and 80 °C and
superficial air velocity of 0.5 m/s. The experimental results showed that the extensive porous structure of foams with lower densities
resulted in higher drying rates, moisture diffusivities and shrinkage. Dried banana foams with lower foam densities also had lower hard-
ness and crispness values. The drying temperature and the egg albumen concentration did not influence the textural properties of the final
products, however. To produce banana chips, the initial foam density of 0.5 g/cm® and drying temperature of 80 °C were recommended.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Bananas generally deteriorate rapidly after harvesting.
The production of banana chips is an alternative way to
preserve the quality and also to add value to bananas.
Banana chips can be produced by various conventional
methods, e.g., frying and hot air drying. However, there
are some limitations of each method. Reduction of nutri-
tional values is observed in dried products (Matz, 1976).
The longer drying time is also required for low-temperature
air drying (Sankat et al., 1996; Demirel and Turhan, 2003;
Nguyen and Price, 2007). Also, air drying may yield the
non-crisp product since its moisture content cannot be
reduced to the desired value, approximately 0.04 kg/kg db,
by low-temperature drying. Although high-temperature
drying can produce crisp products, browning of the prod-
ucts, which is accelerated by high-temperature may occur
(Tsami and Katsioti, 2000).
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E-mail address: t_ratiya@yahoo.com (R. Thuwapanichayanan).
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Vickers and Bourne (1976) demonstrated that dry crisp
foods probably consist of cells or cavities, which are usu-
ally filled with air and a structural phase or cell walls that
are formed by a brittle matrix. The combination of foam-
ing and hot air drying is thus a feasible option to produce
crisp banana chips because banana foams are very porous.
In addition, the products can be dried rapidly to 0.04 kg/
kg db, even at low-temperature, due to the less dense struc-
ture of the foams (Garcia et al., 1988; Sankat and Cas-
taigne, 2004).

Foaming is a process by which liquid or semi solid foods
are whipped to form foams. Many foods, e.g., egg white,
beef extract and milk, naturally contain soluble proteins,
which can be converted into stable foams when being
whipped (Hart et al., 1963). Soluble proteins, known as
foaming agents, contribute to the formation and stability
of the foam structure. Proteins move through the aqueous
phase and are spontaneously adsorbed at the air-aqueous
interface where the viscoelastic films are subsequently
formed. The outcome of proteins adsorption is a reduction
in surface tension, which improves the foam formation
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(Prins, 1988). Moreover, the viscoelastic films are generally
resistant to rupture and coalescence of gas bubbles dis-
persed in the liquid phase (Cherry and Mcwatters, 1981;
Karim and Wai, 1999a).

Banana purees need to be incorporated with a foaming
agent in order to be whipped to produce foams. Several
foaming agents such as modified soybean protein (Gun-
ther’s D-100) (Bates, 1964), soy protein isolate (ICN Bio-
medicals) (Sankat and Castaigne, 2004) and dried egg
albumen (Garcia et al., 1988) can be used to produce
foamed bananas. Foams must also retain the open struc-
ture during drying. If foam breaks or drains excessively,
increase in the drying time and poor product qualities,
e.g., extreme shrinkage, may occur (Hart et al., 1963).

As mentioned earlier, the foam structure plays a major
role in moisture movement during drying and also on sub-
sequent product quality. Most prior works have emphasized
on the drying characteristics of foamed foods (Cooke et al.,
1976; Garcia et al., 1988; Karim and Wai, 1999b; Sankat
and Castaigne, 2004) and Fick’s law of diffusion, assuming
constant moisture diffusivity, was used to describe the mois-
ture content evolution during drying. In spite of its impor-
tance, the information on the quality of dried foamed
products has received much less attention, however.

The objectives of this work were therefore to study the
effects of whipping time and egg albumen concentration
on the foam density. Subsequently, the effects of foam den-
sity, drying temperature and egg albumen concentration on
the drying characteristics and the qualities of the final
products in terms of shrinkage, texture and microstructure
were evaluated. The effective moisture diffusivity of the
foams was also determined by the method of slope.

2. Materials and methods
2.1. Preparation of banana puree and foam

Gros Michel bananas (Musa Sapientum L.) at a mature
stage of 5, which contained total soluble solids of approx-
imately 23-25° Brix were used. Bananas were cut into slices
with a slicing machine. To prevent discoloration during
foaming, the sliced bananas were pretreated by immersing
them in 1% (w/w) sodium metabisulphite solution for
2 min and then rinsed with distilled water for 30 s (Krokida
et al., 2000). The pretreated banana slices were chopped
into small pieces and then blended in a blender (Waring,
model no. 8011 BU, Torrington, CT) for 1 min. About
800 g of the banana puree was then poured into a mixing
bowl and fresh egg albumen, which was used as the foam-
ing agent, was added to the banana puree at 2%, 5% and
10% (on a wet puree basis). The banana puree with egg
albumen was whipped with a Kitchen Aid Mixer (model
no. 5K5SS, Strombeek-Bever, Belgium) at its maximum
speed to the foam densities of 0.3, 0.5 and 0.7 g/cm”.

Foam density was determined by measuring the mass of
a fixed volume of the foam. The determination was per-
formed carefully to avoid destroying the foam structure

and to ensure that there were no voids while filling the
foam into the measuring beaker. The experiments were
done in duplicate.

The moisture content of the foamed bananas was deter-
mined by the vacuum oven method 934.06 (AOAC, 1995).

2.2. Drying procedure

Based on the observation of the foam density, egg albu-
men at concentrations of 5% and 10% could produce the
lowest foam density of 0.3 g/ecm®. Both 5% and 10% of
egg albumen were thus chosen to study the drying behavior
of the foams.

Banana foam mats with a thickness of 5 mm were placed
on a mesh tray, which was covered with aluminum foil, and
then put into the drying chamber. The samples at three
foam densities of 0.3, 0.5 and 0.7 g/cm3 were then dried
to about 0.03 kg/kg db using the drying air temperatures
of 60, 70 and 80°C and a superficial air velocity of
0.5 m/s. Moisture loss from the samples was determined
by weighing the sample tray outside the drying chamber
using an electronic balance (40.01 g).

2.3. Determination of shrinkage

Four banana foam mats taken at different drying times
were measured for their volumes. The volume was deter-
mined by the volumetric displacement method using glass
beads with a diameter in the range of 0.106-0.212 mm as
a replacement medium (Hwang and Hayakawa, 1980). In
each measurement, one sample piece was used and the
mean value of four samples was reported.

The volume ratio was used to describe shrinkage, which
is defined as

Volumetric Shrinkage = V'/V (1)

where V is the volume of the sample after drying (cm?) and
V, is the initial volume of the sample before drying (cm?).

2.4. Texture analysis

The texture of dried banana foam mats was evaluated
by a compressive test using a texture analyzer model
TA.XT.plus (Stable Micro Systems, Surrey, UK). The sam-
ple was placed on the hollow planar base. The test applied
a direct force to the sample using a 5 mm spherical probe at
a constant crosshead speed of 2 mm/s. The hardness was
defined as the maximum force in the force—deformation
curve while the crispness was characterized by the number
of peaks and the slope of the first peak. Eight samples were
tested and the average values of hardness and crispness
were reported.

2.5. Microstructural analysis

A scanning electron microscope (JEOL JSM-5600LV,
Tokyo, Japan) was used to study the microstructure of dried
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banana foam mats. The dried banana foam mats were placed
on two-side adhesive tape attached to metal stubs and were
coated with gold. SEM micrographs were taken at an accel-
erating voltage of 10 kV and a magnification of 35x.

2.6. Image analysis

To quantify the porous foam characteristics such as
pore diameter and pore area, image analysis software
(ImagePro + 5.0, MediaCybernetic, MD, USA) was used.
Each pixel of SEM micrograph was assigned a value of
gray intensity (0-255). Threshold-based segmentation tech-
nique was employed to distinguish the pore from the solid
phase with an appropriate gray level threshold. A binary
image was then generated. The pixels with gray levels lower
than the selected threshold were assigned as pore, which
appeared as black color in a binary image while the pixels
with gray levels above the selected threshold were set as
solid phase, which appeared as white color in a binary
image. With an assumption of spherical shape, a pore
diameter was estimated from the known pore area. The
pore area was determined by counting the number of pixels
filled in the specified space.

2.7. Statistical analysis

The data were analyzed using the analysis of variance
(ANOVA). Duncan’s test was used to establish the multi-
ple comparisons of mean values. Mean values were consid-
ered at 95% significance level (p < 0.05).

3. Determination of moisture diffusivity

For the effective moisture diffusivity determination,
banana foam mats were assumed to be infinite slabs. In
addition, moisture movement during drying occurred only
in the direction of material thickness. The external resis-
tance to moisture transfer was negligible and the moisture
distribution inside banana foams before drying was
uniform.

When the plot of logarithm of moisture ratio (In MR)
versus drying time is linear, the moisture diffusivity
assumes an independent function of moisture content. In
this case, the change of moisture content can be described
by the following equation (Crank, 1975):

MR = M= Meq
MO_Meq
8 & 1 (2n + 1)’n*Dt
= — S — - 2
7 2 a1 P [ ar? @

where D is the effective moisture diffusivity (m?/s), MR is
the moisture ratio, M, M.q and M, are the average, equilib-
rium and initial moisture contents (kg/kg db), respectively.
Since the top surface of banana foam mats were only ex-
posed to hot air, the length, L, in Eq. (2) was the thickness
of the slabs.

In case of non-linear experimental drying curves, how-
ever, the effective moisture diffusivity is dependent on mois-
ture content, which is usually the case for highly porous
materials (Hamdami et al., 2004; Sakin et al., 2007). In
such case, the effective moisture diffusivity at various mois-
ture contents can be estimated using the method of slope
(Karathanos et al., 1990). The calculation was based on
the ratio of the slopes of the experimental drying curves
to the slopes of the theoretical curves at the same moisture
contents. The slopes of the experimental drying curves were
calculated using experimental data points while the slopes
of the theoretical curves were calculated by differentiating
Eq. (2) with respect to Fo (AMR/dFo). The effective mois-
ture diffusivity at a given moisture was then estimated by
the following equation:

D = [(dMR/d?),. /(dMR /dFo),, |12 (3)

exp

where Fo is the Fourier number, Fo = Dogt/L>.
Since the thickness of banana foam mats changed dur-
ing drying, L in Eq. (3) varied with time.

4. Results and discussion
4.1. Foam density

The effects of whipping time and concentration of egg
albumen on the foam density are shown in Fig. 1. During
the whipping process, air was brought into the liquid puree
and entrapped in the liquid as bubbles. This led to a
decrease of foam density as the whipping time increased
as shown in Fig. 1; banana puree of minimum density
was formed after 20 min of whipping. Beyond this time
the foam density increased rapidly. The pattern of the
banana foam density curves during whipping is similar to
that of other foods, which are high in viscosity such as
tomato paste foam. Labelle (1966) reported that tomato
paste with 1% myverol used as foaming agent was foamed
to the minimum density after 4 min of whipping; this was
followed by an increase in the foam density. The increase
in foam density was attributed to more liquid film thinning,

1.2
f Egg Albumen concentration
1 = 2% EA
* 5%EA

A 10%E A

0.4 4

Foam density (g/cms)
=)
o

0.2 4

O T T T T
0 10 20 30 40 50

Whipping time (min)

Fig. 1. Foam density as a function of fresh egg albumen (EA) concen-
tration and whipping time.



576 R. Thuwapanichayanan et al. | Journal of Food Engineering 86 (2008) 573-583

more mechanical deformation and more bubble wall rup-
ture during extended whipping (Lau and Dickinson, 2005).

As the concentration of egg albumen increased, the
foam density decreased (Fig. 1). The foam density
decreased to approximately 0.6, 0.3 and 0.27 g/cm’® after
20 min of whipping when using egg albumen concentra-
tions of 2%, 5% and 10% (w/w), respectively. The high
banana foam densities at low egg albumen concentrations
were due to the fact that the movement of the foaming
agent from the aqueous phase towards the air-aqueous
interface was limited (Karim and Wai, 1999a), insufficient
for the reduction in surface tension, which enhances the
foam formation.

However, excessive egg albumen concentration beyond
a certain value did not further reduce the foam density.
As shown in Fig. 1, an increase in the egg albumen concen-
tration from 5% to 10% led to lower foam density only by
3% whilst an increase in the egg albumen concentration
from 2% to 5% could lower the foam density by up to
30%. The only slightly lower foam density when the egg
albumen concentration increased from 5% to 10% might
be due to the saturation of egg albumen solubility in
banana puree under the given set of experimental condi-
tions. The egg albumen solubility depends on the type of
foods. Rajkumar et al. (2005) indeed reported that the
egg albumen solubility in mango foam was in the range
of 10-15%.

4.2. Drying characteristics of banana foam mats

The influences of foam density, drying temperature and
egg albumen concentration on the drying characteristics of
banana foam mats were studied. Fig. 2a—c shows the dry-
ing curves of banana foam mats at different initial foam
densities using 5% egg albumen concentration. When the
foamed bananas were dried at 60 °C, the time required
for reducing their moisture content to about 0.03 kg/kg db
was 120 and 300 min for the initial foam densities of 0.3
and 0.5 g/cm?, respectively. Beyond the initial foam density
of 0.5 g/ecm®, the required drying time was much longer
than 540 min. As the drying temperature increased to
80 °C, the drying time was shorter by approximately
50%. These results show the importance of foam density
and drying temperature on the moisture movement in
which the diffusion of water through the low density foam
was much easier and became faster when the higher drying
temperatures were used.

The drying rate data presented in Fig. 3a—c show the
presence of a heat up period at the early stage of drying
(H); this was then followed by the falling rate period. In
the heat up period, the drying rates increased as the mois-
ture content of banana foam mats decreased from the ini-
tial moisture content to approximately 2.6 kg/kg db.
Thereafter, the drying rates decreased with decreasing
moisture content, signalling the beginning of the falling
rate period. The falling rate period could be divided into
two periods according to the change in the drying rate
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Fig. 2. Drying curves of banana foam mats at different initial foam
densities and drying temperatures (5 mm foam thickness, at a superficial
air velocity of 0.5 m/s and egg albumen concentration of 5%).

curves. First falling rate period (I), occurring between the
moisture content of 0.35 and 2.6 kg/kg db, corresponded
to the loss of free water. This water was freely available
around the solid matrices that could easily transport by
capillary flow and vapor diffusion. However, the removal
of the water from the interior of banana foam mats to
the exposed surface was not fast enough to keep the surface
moist. Thus, the drying rates in this period decreased grad-
ually with decreasing moisture content. At moisture con-
tents below 0.35 kg/kg db, a decrease in drying rate was
sharper, indicating that the drying was in the second falling
rate period (II). Lim et al. (1995) reported that the moisture
content corresponding to the bound water ranges from
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Fig. 3. Drying rate curves of banana foam mats at different initial foam
densities and drying temperatures (5 mm foam thickness, at a superficial
air velocity of 0.5 m/s and egg albumen concentration of 5%).

0.11 kg/kg db to 0.21 kg/kg db, depending on the type of
fruit. Thus, the very low drying rate in the second falling
rate period is probably because small free water is available
and the diffusion of bound water is the main mechanism
controlling the water transport.

The structure of banana foams also played an important
role on the internal mass transfer rates. For higher foam
density, e.g., 0.7 g/em’, with small air voids, the quantity
of water, which travelled through the void space was small.
As the void space increased, leading to lower foam density,
larger amount of water could travel. This led to higher val-
ues of the moisture diffusivity, resulting in high drying rates
at lower foam densities as shown in Fig. 3a—c. In addition
to the material structure, drying temperature also affected
the drying rates. The drying rates of banana foam mats
were higher when drying was performed at higher drying
temperatures as can be seen in Fig. 3a—c.

Fig. 4 shows the drying curves of banana foam mats at
5% and 10% egg albumen concentrations. It can be seen
that the egg albumen concentration had no significant
effect on the drying characteristics whether drying was per-
formed at lower or higher temperatures.

4.3. Effective moisture diffusivity

Fig. 5 shows the plot of logarithm of moisture ratio (In
MR) versus drying time of banana foam mats. It is evident
that their relationship were non-linear. The non-linearity of
the curves indicated the variation in effective diffusivity
with moisture content.

The effective moisture diffusivity of banana foam mats
was calculated from Eq. (3). The variation in effective dif-
fusivity with moisture content is shown in Fig. 6a and b.
At the initial stage of drying, the effective diffusivity
increased with decreasing moisture content due to the rapid
rise of product temperature. As drying progressed, the
effective diffusivity decreased with decreasing moisture con-
tent. In addition to the moisture content, the effective mois-
ture diffusivity was higher when the drying temperature
increased and the initial foam density decreased.
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Fig. 4. Drying curves of banana foam mats at different egg albumen
concentrations and drying temperatures (5 mm foam thickness, initial
foam density of 0.3 g/em® and a superficial air velocity of 0.5 m/s).
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Fig. 6. Moisture diffusivity of banana foam mats at different drying
conditions (5 mm foam thickness, a superficial air velocity of 0.5 m/s and
egg albumen concentration of 5%).

The relationship between effective moisture diffusivity
and moisture content of banana foams of various initial
foam densities and drying temperatures is expressed by
the following empirical equation:

4
Der(M) = aexp Y oM’ (4)
i=1

where a and «; are the empirical parameters, which were
obtained through non-linear regression analysis of the
experimental data; the results together with R values are
presented in Table 1. The proposed equation could ade-
quately describe the relationship between the effective
moisture diffusivity and moisture content of banana foams.

Table 1

Table 2
Average effective moisture diffusivity and activation energy at various
drying conditions

Drying condition Defiave Activation energy, R’
2

Foam density Temperature (m/s) E, (kJ/mol)

(g/cm’) (°C)

0.3 60 234 x107°  21.08 0.997
70 286 x 107°
80 3.60 x 107°

0.5 60 1.49 x 107°  22.90 0.989
70 1.98 x 107°
80 238 x 107°

0.7 60 1.02 x 107°  25.19 0.973
70 1.43 x 107°
80 1.70 x 107°

4.4. Activation energy of banana foams

The activation energy of banana foams could be
obtained through an Arrhenius type relationship, for which
the average effective moisture diffusivity, Deg avg, relates to
the drying air temperature:

—F
Deff‘avg - DO CXp (RT : ) (5>

where Dy is the constant value (mz/s), E, is the activation
energy (kJ/kmol), R is the universal gas constant
(8.314 kJ/kmol K) and T,y is the absolute drying air tem-
perature (K).

In order to estimate the activation energy, it is necessary
to calculate the average effective moisture diffusivity from
D versus M curves. This can simply be done through
the use of the following equation:

Minal

- Deff(M)dM
Deff,avg == Mmmul]\lﬁ“al (6)

Mipitial

The values of Deg avg of all drying conditions are presented
in Table 2. The average effective moisture diffusivity in-
creased when the drying temperature increased and the ini-
tial foam density decreased, as expected.

Calculated values of @ and o, (Eq. (4)) for various foam densities and drying temperatures

Drying condition

Empirical parameter

Foam density (g/cmB) Temperature (°C) ax1071° o oy o3 oy R
0.3 60 20.4978 0.3823 —0.750 0.6042 —0.138 0.980
70 25.4514 0.5247 —1.013 0.7768 —0.177 0.964
80 28.5214 0.4324 —0.602 0.5060 —0.121 0.983
0.5 60 5.5042 2.8784 —2.8579 1.3158 —0.2218 0.974
70 12.9837 0.8666 —0.6938 0.3734 —0.0763 0.998
80 14.5071 1.0528 —0.8794 0.476 —0.099 0.996
0.7 60 3.3549 3.1578 —3.2075 1.5468 —0.2762 0.953
70 4.4478 3.7392 —4.0588 1.9792 —0.3497 0.945
80 7.879 2.2188 —2.2754 1.1498 —0.2157 0.973
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Fig. 7. Volume of removed water versus volume change of sample (V) is
the initial volume of sample and V' is the volume of sample at different
drying times).

The values of activation energy for banana foam mats
are presented in Table 2. E, was 21.08, 22.90 and
25.19 kJ/mol for foam densities of 0.3, 0.5 and 0.7 g/cm?,
respectively. E, decreased with decreasing foam density;
this indicated that at lower foam densities, water molecules
could move easier than it could at higher foam densities.

The activation energy of the moisture diffusivity for hot
air drying of banana slices was 34.74+0.073 and
39.8 £ 4.6 kJ/mol when using the slab thickness of 1 cm
and 2cm, respectively. This indicates the unimportant
effect of thickness on the activation energy (Nguyen and
Price, 2007). According to this information, drying of
banana slices requires higher energy for driving water out
than did the banana foam mats.

4.5. Shrinkage of banana foams

As shown in Fig. 7, shrinkage or volume change of the
samples at an initial foam density of 0.7 g/cm? fully com-
pensated the volume of removed water, as indicated by
the experimental data close which lie to the diagonal line.
In the case of low density foams, e.g., at initial foam den-
sities of 0.3 and 0.5 g/cm?, shrinkage of such systems was
accompanied by bubble collapse since the foam was non-
rigid during drying. In such cases, shrinkage was more sig-
nificant than the volume of removed water, as indicated by
their values deviating from the diagonal line. The largest
deviation could be observed when using an initial foam
density of 0.3 g/cm®. These results indicate that shrinkage
of lower density foam was due to the collapse of gas bub-
bles, besides the stress formation within the foams.

Fig. 8 shows the volume shrinkage of banana foams of
different initial foam densities; the effect of drying temper-
ature was also shown here. The drying temperature insig-
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Fig. 8. Volume shrinkage of banana foam mats at different initial foam
densities and drying temperatures (5 mm initial foam thickness and egg
albumen concentration of 5%).

nificantly affected shrinkage of the samples of the same
foam density. This is probably because the tested drying
temperature (60-80 °C) might not be much different to
cause any significant differences on the volume shrinkage.
A decrease in the volume of banana foams was in a linear
relation with the moisture content and its volume reduction
could be described by the following equation:

V/IVy=a+bM/M, (7)

The values of parameters @ and b were obtained by linear
regression analysis of the experimental data. Both empiri-
cal parameters depended on the initial foam densities; the
results are given in Table 3.

4.6. Texture of banana foams

The texture of banana foams was evaluated by a com-
pressive test. The maximum force of rupture is defined as
the hardness. The number of peaks was counted when that
peak had a value higher than the threshold value, which
was set at 30 g, and the slope of the first peak or steepness
was used to describe the crispness of the samples. A crisp
chip had a steep slope, representing more resistance to
bending than a less crisp chip.

Banana foam mats, after drying to about 0.03 kg/kg db,
except for samples with initial foam density of 0.7 g/cm®
and dried at 60 °C, which its final moisture content was
0.05 kg/kg db, were taken to examine their textural proper-
ties. It was noted that the textural properties were strongly
affected by the sample porous structure. The samples with
initial foam density of 0.3 g/cm®, characterized by a num-
ber of larger pores and more limited number of smaller
pores, yielded the less dense structure and lower strength.
Hence, hardness was smaller as compared with that of

Table 3

Calculated values of @ and b (Eq. (7)) for various foam densities

pr=0.3 g/em’ pr=0.5 g/em’ pr=0.7 g/em’

a b R a b R a b R
0.349 0.702 0.977 0.496 0.521 0.983 0.503 0.507 0.984
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the samples with higher initial foam densities (see Fig. 9a).
For example, the maximum forces of samples dried at
80 °C were 2.23 + 0.28 Fig. 9a, 5.90 +0.72 Fig. 9b and
18.06 + 3.51 Fig. 9¢ N when using initial foam densities
of 0.3, 0.5 and 0.7 g/cm?, respectively.

In terms of crispness, which is a desired textural charac-
teristic of chips, the samples with lower initial foam densi-
ties had smaller numbers of peaks and lower slopes of the
first peak as shown in Fig. 9b and c. The numbers of peaks
of samples dried at 80 °C were 7 + 2 Fig. 9a, 16 4+ 3 Fig. 9b
and 20 + 7 Fig. 9c when using initial foam densities of 0.3,
0.5 and 0.7 g/cm?®, respectively, and the slopes of the first
peak of the samples dried at 80 °C were 3.58 +2.06
Fig. 9a, 11.00 & 1.89 Fig. 9b and 19.03 + 6.47 Fig. 9¢ N/
mm for samples with initial foam densities of 0.3, 0.5 and
0.7 g/em?, respectively. The small number of peaks and
low initial slope obtained for samples at low initial foam
density of 0.3 g/cm3 indicated that this banana foam was
less crisp as compared with the samples produced with
higher initial foam densities.
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Fig. 9. Effect of initial foam density and drying temperature on (a)
maximum force, (b) number of peaks and (c) initial slope of dried banana
foam mat (egg albumen concentration of 5%).

Although the very porous structure was obtained for
sample with the lowest initial foam density, the product
was not crisp. These textural properties, in particular the
steepness, were similar to those of freeze dried chips. Sham
et al. (2001) found that freeze dried apple chips, with their
very porous structure, were spongy and not crisp. As
shown in Figs. 9 and 10, the drying temperature and egg
albumen concentration did not influence the hardness
and crispness. These results suggest that 5% egg albumen
concentration is suitable for preparing banana foams and
that drying should be conducted at the highest temperature
in order to save the time and energy consumption.

As mentioned earlier, the low density of banana foams
could lead to the soft texture but the high density, on the
other hand, led to the hard texture. Too soft and too hard
textures may not be suitable for crisp product. The com-
mercial cracker (Hi Crack™) was examined for its textural
properties and it was found that the values of the maxi-
mum force and number of peaks were 7.9 + 1.23 and
10 + 5 N, respectively. Both values corresponded to those
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Fig. 10. Effect of egg albumen concentration on (a) maximum force, (b)
number of peaks and (c) initial slope of dried banana foam mat (initial
foam density of 0.3 g/cm?).
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of banana foam mats prepared with the initial foam density
of 0.5 g/cm?.

4.7. SEM micrographs and image analysis

SEM micrographs of banana foam mats containing 5%
egg albumen and dried at different temperatures are
shown in Fig. 1la-d for various initial foam densities.
The binary images are illustrated in Fig. 1le-h. The

7

(d) 0.5 g/em’, 80°C

reconstructed porous structure of the dried banana foam
mats in binary images reproduced adequately their origi-
nal images.

The pore shape of banana foams before drying was
spherical (not shown here). When the samples were dried,
the pore shape changed. As shown in Fig. 11, the pore
shape of dried banana foam mats was elongate, probably
due to the stress formation during drying, which led to
some distortion.

Y

() 0.3 g/lem’, 60°C

o '.'.;' "..;
(N 0.3 g/em?, 80°C

TR Kbl LA PRRT W T g L
; = o e e >

I
R S

(h) 0.5 g/em’, 80°C

Fig. 11. (a-d) SEM micrographs of dried banana foam mats at different initial foam densities and drying temperatures and (e-h) binary image.
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Fig. 12. Pore diameter distribution at different foam densities and drying temperatures.

The pore size distributions are shown in Fig. 12. The
pore diameter was estimated from the known pore area
by assuming a spherical shape. Considering the effect of ini-
tial foam density on the pore size of dried banana foam
mats, it was observed that the samples with an initial foam
density of 0.3 g/cm® had a larger number of large pores in
the range of 240480 um than those at higher initial foam
densities. This large pore assembly might probably be gen-
erated from the coalescence of adjacent bubbles. However,
the number of small pores, ranging from 10 to 240 um, was
lesser as compared with the samples with an initial foam
density of 0.5 g/cm®. As shown in Fig. 12, the samples with
an initial foam density of 0.5 g/cm® had no pores with
diameters larger than 400 um. Although the total number
of pores was smaller for samples with an initial foam den-
sity of 0.3 g/cm?, the void area fraction was relatively larger
because of a greater number of large pore assemblies. The
void area fraction of the samples dried at 60 °C was 22%
and 18% for initial foam densities of 0.3 and 0.5 g/cm3,
respectively.

As shown in Fig. 12, the porous structure was insignifi-
cantly different amongst the samples dried at higher and
lower temperatures. This corresponded to other qualities,
i.e., shrinkage and textural properties, in which those qual-
ities were not dependent on the drying temperature.

5. Conclusions

Addition of egg albumen at concentrations of 5% and
10% could produce low density banana foams of 0.3 g/
cm® at an optimum whipping time of 20 min. Drying of
banana foams mostly occurred in the falling rate period
with higher drying rates at higher drying air temperatures
and low foam densities. The initial foam density strongly
affected the moisture diffusivity where the lower foam den-
sity, corresponding to larger void area and larger pore sizes
of banana foams, provided higher values of effective diffu-
sivity. In spite of efficient moisture transport, the very por-
ous banana foams led to lower values of hardness and
crispness. Shrinkage was also higher, except for the samples
with initial foam densities beyond 0.5 g/cm?®. The drying
temperature had no significant effect on the textural proper-
ties, morphology and shrinkage, however. To produce
crispy banana chips, the initial foam density of 0.5 g/cm®
and drying temperature of 80 °C was recommended.

Acknowledgement
The authors express their appreciation to the Thailand

Research Fund (TRF) and the Commission on Higher
Education for the financial support.



R. Thuwapanichayanan et al. | Journal of Food Engineering 86 (2008) 573583 583

References

AOAC, 1995. Official Methods of Analysis, 16th ed. Association of
Official Agricultural Chemists, Washington, DC.

Bates, R.P., 1964. Factors affecting foam production and stabilization of
tropical fruit products. Food Technology 18, 93-96.

Cherry, J.P., Mcwatters, K.H., 1981. Whippability and aeration. In:
Cherry, J.P. (Ed.), Protein Functionality in Foods. American Chemical
Society, Washington, DC, pp. 149-176.

Cooke, R.D., Breag, G.R., Ferber, C.E.M., Best, P.R., Jones, J.,
1976. Studies of mango processing I. The foam-mat drying of
mango (Alphonso cultivar) puree. Journal of Food Technology
11, 463-473.

Crank, J., 1975. The Mathematics of Diffusion. Clarendon Press,
Oxford.

Demirel, D., Turhan, M., 2003. Air-drying behavior of Draft Cavendish
and Gros Michel banana slices. Journal of Food Engineering 59, 1-
11.

Garcia, R., Leal, F., Rolz, C., 1988. Drying of bananas using microwave
and air ovens. International Journal of Food Science and Technology
23, 73-80.

Hamdami, N., Monteau, J.Y., Bail, A.L., 2004. Transport properties of a
high porosity model food at above and sub-freezing temperatures. Part
2: Evaluation of the effective moisture diffusivity from drying data.
Journal of Food Engineering 62, 385-392.

Hart, M.R., Graham, R.P., Ginnette, L.F., Morgan, A.L., 1963. Foams
for foam-mat drying. Food Technology 17, 1302-1304.

Hwang, M.P., Hayakawa, K.I., 1980. Bulk densities of cookies undergo-
ing commercial baking processes. Journal of Food Science 45, 1400-
1402.

Karathanos, V.T., Villalobos, G., Saravacos, G.D., 1990. Comparison of
two methods of estimation of the effective moisture diffusivity from
drying data. Journal of Food Science 55, 218-223.

Karim, A.A., Wai, C.C., 1999a. Characteristics of foam prepared from
starfruit (Averrhoa carambola L.) puree by using methyl cellulose.
Food Hydrocolloids 13, 203-210.

Karim, A.A., Wai, C.C., 1999b. Foam-mat drying of starfruit (Averrhoa
carambola L.) puree. Stability and air drying characteristics. Food
Chemistry 64, 337-343.

Krokida, M.K., Kiranoudis, C.T., Maroulis, Z.B., Marinos, D., 2000.
Effect of pretreatment on color of dehydrated products. Drying
Technology 18, 1239-1250.

Labelle, R.L., 1966. Characterization of foams for foam-mat drying. Food
Technology 20, 8§9-94.

Lau, C.K., Dickinson, E., 2005. Instability and structural change in an
aerated system containing egg albumen and invert sugar. Food
Hydrocolloids 19, 111-121.

Lim, L.T., Tang, J., He, J., 1995. Moisture sorption characteristics of
freeze dried blueberries. Journal of Food Science 60, 810-814.

Matz, S.A., 1976. Snack Food Technology. The AVI Publishing
Company, Westport.

Nguyen, M.H., Price, W.E., 2007. Air-drying of banana: influence of
experimental parameters, slab thickness, banana maturity and har-
vesting season. Journal of Food Engineering 79, 200-207.

Prins, A., 1988. Principles of foam stability. In: Dickinson, E., Stainsby,
G. (Eds.), Advances in Food Emulsions and Foams. Elsevier Applied
Science, New York, pp. 91-122.

Rajkumar, P., Kailappan, R., Raghavan, G.S.V., Vishwanathan, R.,
Ratti, C., 2005. Foam mat drying of mango pulp (Totapuri). In:
Proceedings of the fourth Asia Pacific Drying Conference, vol. 1.
Allied Publishers Pvt. Ltd., New Delhi, pp. 479-495.

Sakin, M., Ertekin, F.K., Ilicali, C., 2007. Modeling the moisture transfer
during baking of white cake. Journal of Food Engineering 80, 822—
831.

Sankat, C.K., Castaigne, F., Maharaj, R., 1996. The air drying behaviour
of fresh and osmotically dehydrated banana slices. International
Journal of Food Science and Technology 31, 123-135.

Sankat, C.K., Castaigne, F., 2004. Foaming and drying behaviour of ripe
bananas. Lebensmittel-Wissenshaft und-Technologie 37, 517-525.
Sham, P.W.Y., Scaman, C.H., Durance, T.D., 2001. Texture of vacuum
microwave dehydrated apple chips as affected by calcium pretreatment,
vacuum level and apple variety. Journal of Food Science 66, 1341-

1347.

Tsami, E., Katsioti, M., 2000. Drying kinetics for some fruits: predicting
of porosity and color during dehydration. Drying Technology 18,
1559-1581.

Vickers, Z.M., Bourne, M.C., 1976. A psychoacoustical theory of
crispness. Journal of Food Science 41, 1158-1164.



ELSEVIER

International Journal of Heat and Mass Transfer 51 (2008) 344-352

Available online at www.sciencedirect.com

ScienceDirect

International Journal of

HEAT ..« MASS
TRANSFER

www_elsevier.com/locate/ijhmt

Effects of pore size distribution and pore-architecture assembly
on drying characteristics of pore networks

Somkiat Prachayawarakorn ®*, Preeda Prakotmak b Somchart Soponronnaritb

4 Faculty of Engineering, King Mongkut’s University of Technology Thonburi, Suksawat 48 Road, Bangkok 10140, Thailand
®School of Energy and Materials, King Mongkut’s University of Technology Thonburi, Suksawat 48 Road, Bangkok 10140, Thailand

Received 6 March 2006
Available online 20 September 2007

Abstract

Simulation of isothermal drying using two-dimensional networks comprised of interconnected cylindrical pores is presented. Trans-
port of moisture inside pore segments was described by Fick’s law. The results have shown that the shielding of large pores by the smaller
pores in the stochastic pore network, which is supposed to be representative of real porous medium, causes the lower drying rate and
hence lower effective diffusion coefficient as compared to those predicted from the idealized network of pores with a single size. The
strength of shielding is found to vary with the characteristics of pore size distribution as interpreted by the moisture concentration expe-
rienced by the pores, which is remarkably different amongst the pore size distributions. The inefficient transport of moisture through the
stochastic pore network can be improved or even better with the suitable architecturally assembled structure. The minimum shielding
archetype network, appearing very high porous at particle surface, is predicted to enhance greatly the drying rate. On the other hand,

the maximum shielding network, which is small pores allocated onto the network exterior, exhibits the slowest drying rate.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Drying; Effective diffusion coefficient; Stochastic pore network

1. Introduction

Drying of porous materials has received much attention
in a number of industrial applications including wood [1],
pharmaceutical product [2], foodstuffs [3], and paper [4].
While material is dried, moisture inside the material trans-
ports through its interfacial void spaces to the surface and
is carried away to the flowing stream. The transport of
moisture may be occurred by several mechanisms of mass
transfer, such as Knudsen diffusion, molecular diffusion,
capillary flow, etc. All the drying mechanisms are lumped
into the effective (apparent) diffusion coefficient [5-7] and
the porous material is considered as a continuum. This
consideration leads to formulation of partial differential
equations which relate to the changes of quantities, i.e.

* Corresponding author. Tel.: +662 4270 9221; fax: +662 428 3534.
E-mail address: somkiat.pra@kmutt.ac.th (S. Prachayawarakorn).

0017-9310/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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temperature and moisture content with time. By using the
continuum models, the effective diffusion coefficient can
experimentally be determined from the drying characteris-
tic curve. The value of the effective diffusion coefficient var-
ies from material to material although the drying
conditions used, i.e. temperature and superficial air veloc-
ity, are all the same. The summary of the effective diffusion
coefficients for products are given by [8]. However, the
interpretation of those results have ignored the pore struc-
tural issues and relied on empirical representations. Such
empiricisms may not be useful for providing detailed infor-
mation on how moisture diffuses through void spaces, with
different sizes and shapes, which dictate the diffusive path-
ways of moisture.

Thus, it is desirable to obtain the structural models that
are capable of taking into accounts key geometrical and
topological properties such as dead ends and variations
in pore size and tortuous trajectories. When the structural
model is combined with the transport equations, the flow
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Nomenclature

C moisture content (decimal dry basis)

C average moisture content (decimal dry basis)

D diffusion coefficient (m?/s)

Fo Fourier number, 24/

N drying rate, kg water/s, or number of pores in

network

probability distribution function
material thickness (m)

pore length (m)

pore radius (m)

drying time (s)

distance along the pore length (m)

XN\:NL\,E

Greek symbols

o standard deviation (m)

u mean pore radius (m)

r gamma function

K adjustable parameter of uniform distribution
v adjustable parameter of uniform distribution
o adjustable parameter of bimodal distribution
p adjustable parameter of bimodal distribution
Subscripts

e equilibrium

eff effective

of substances through pore segments inside porous solid
can numerically be predicted [9-11] and hence the effective
properties are calculated, thereby providing the under-
standing of macroscopic properties. In such a way, net-
work models can be used in the modeling of transport
processes such as single-phase and two-phase fluid flow
and pore diffusion [12-15].

In this work, the drying of the random or stochastic
pore network, which is supposed to be representative of
pore spaces of real porous particle, is investigated. The
moisture movement inside the pore segments is described
by Fick’s law and the drying process occurs under isother-
mal condition. The effect of pore size distributions on the
drying characteristic curve and subsequent effective diffu-
sivity is theoretically determined. In addition to the pore
size distribution, the geometrical configuration of the
pores, which is a full set of pores assembled in different
ways onto the network, is explored how the diffusion of
moisture through such geometrical structure exhibits differ-
ent to that predicted from the stochastic pore network.
This geometrical structure, sometimes called as pore archi-
tecture in this work, has similar pore size distribution to
that employed in the stochastic pore network.

2. Network model

Fig. 1 shows an example of scanning electron micro-
graph (SEM) views of dried durian chip obtained from
the freeze and hot air dryings. Pores shown in Fig. 1 are
represented by black color and tissue by grey color. Poros-
ity of the material appears to consist of a randomised
assembly of pore spaces, which are more or less randomly
interconnected. As shown from the figure, different drying
techniques can produce remarkably different microstruc-
tures. Durian chip dried by the freeze-drying technique is
more porous and larger pore sizes than that dried by hot
air. With the hot air dried sample, the dense layer is formed
and the small pores appear at the surface.

To understand the transport of moisture through the
pore spaces, the pore sizes of the real solid is mapped onto

an array of lattices (shown in 2-D in Fig. 2). Each pore in
the real solid becomes a bond in one of the lattices and each
pore junction becomes a node. In this study, the pore shape
assigned onto the network is assumed to be cylindrical
geometry and all pores in the network are assumed to have

pore

solid

(b) hot air drying

Fig. 1. SEM images of durian chip obtained from different drying
techniques.
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Fig. 2. 2-D 30 x 30 random pore network.

the same length. The pores with different sizes are
randomly placed onto the network and this approach pro-
vides pore at any positions within the network independent
to the neighboring pores. Fig. 2 illustrates 2-D pore net-
work with a size of 30 x 30, consisting of 1860 pores. Each
pore junction has a connectivity of 4. Real pore sizes of
solid, which may determined by nitrogen adsorption or
mercury porosimetry, are assigned to the bonds so that
the real structure and the network model have the same
pore size distribution. Let L is the average particle size of
material. The length of each pore, /, is then calculated by
dividing L by N + 1, where N is the network size. Moisture
leaves from the network via all the pores at the network
periphery, which open onto the drying medium.

2.1. Diffusion in single pores

When the pore network is established, the diffusion
problem is solved by calculating the moisture content
inside the individual pore in conjunction with the mass bal-
ance of moisture at the pore junctions. It is assumed that
the moisture diffusing through pore with radius r;;, occurs
under isothermal condition. The isothermal condition
occurs when heat required for evaporation balances with
heat from conduction and convection. The change of mois-
ture inside individual pores of the network is described by
the following equation:

oc  o'C

~_p— 1
ot Ox? ()
where C is the moisture content (decimal dry basis), D the
diffusion coefficient (m?/s), ¢ the drying time (s) and x the
distance along the pore length (m). The diffusion coefficient
is assumed to be a constant value and the moisture concen-

tration in the pores at the beginning is specially uniform
along the pore axis. To determine the moisture profile

along the length, the forward finite difference is applied
and Eq. (1) is thus expressed as

it = Fo(Chr, + ) + (1= 2R0)C, 2)
where Fo is the Fourier number, Fo =24, p and m the

respective indexes of the present drying time and of nodal
position along the pore. Eq. (2) is stable when Fo ranges
between 0 and 0.5. The transfer rate N;; of moisture, for

any time ¢, diffusing into a pore with radlus of r;; can be
calculated by

dc,,,(x,1)
Nr,'_/ = T[}’lzJD (T) 7[. (3)

2.2. Mass balance in the network

After drying starts, the pore ends positioned at the exte-
rior network are exposed to the drying medium and have
moisture equal to equilibrium moisture content, assuming
negligible convective mass transfer resistance. This assump-
tion allows the moisture contents of the exterior pores at
any drying time to be calculated directly. For the interior
pores, the calculation of their moisture contents is not
straightforward since the moisture contents at the two ends
of pore is not known. To determine the internal moisture
contents, the mass balance of moisture content at inner
nodes of the network is made, assuming the size of pore
junctions being zero and no accumulation at the pore junc-
tions within the network. The sum of all in and outflows,
for a small time interval, at any node is accordingly zero.
That is,

> N, =0 (4)
Jeli

where {i} refers to the set of i-adjacent nodes which are
connected to node (i) in the network. By solving the mois-
ture in every node together the specified boundary condi-
tions around the network periphery, the average moisture
content Cpework Of the network can readily be calculated.
The calculation, based on the volume average, can be ex-
pressed by

n 1]” f() r,/ Xt
N lEnzlri,j

where N is the number of pore in the network and / is the
pore length (m).

al

(5)

(t) network

2.3. Effective diffusivity

If the diffusion is occurring through the slab-shaped por-
ous solids, the effective diffusivity can be determined by
Fick’s second law of diffusion, which is expressed by

C(t) -
f nzz

5

2Deirt
exp [(zn F 1P (6)
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where C(¢) is the average moisture content of material (dec-
imal dry basis), C; the initial moisture content, C, the equi-
librium moisture content, D.; the effective diffusion
coefficient and L the material thickness. Eq. (6) presents
the diffusion of moisture in one direction. The drying of
pore network at the present study is, however, occurred
in two directions and the solution is obtained from the
product of the above diffusion equation itself, thus eventu-
ally yielding

f) — C, 8\ D X ¢t 2 Dt X t

T (@) oo () + () ew (1025
2 o X 1

+(25)exp< 26m EX )+ (7)

The first three terms of infinite series of Eq. (7) are em-
ployed to quantify the effective diffusivity and a trial-error
method is used. The effective diffusivity is obtained when
the difference between the value of moisture content pre-
dicted by Eq. (7), C(¢), and that calculated from the net-
work, C(f) uworc 18 less than the acceptable value. By this
method, the evolution of moisture content at pore level di-
rectly reflects on the effective diffusivity.

2.4. Pore size distribution

Pore size distribution defined in the range from a mini-
mum to a maximum pore radius, 7y, and rp.y, 1s described
in terms of the number diameter probability density func-
tion which is given by

o)
f(r):d—;a Tmin < 7 < Pmax (8)
where Nt is the total pores in the network and N(r)
presents the number of pores between r and r + dr. The
integration of Eq. (8) from ry;, to rma.x equals to unity,
f::‘:x f(r)dr = 1. The probability distribution function of

all pores in the network with radius larger than a particular
radius, Pr(r;), is

Fmax

Pr(r;) = f(r)dr ©)

ri

The values of Pr(r; = rmjn) = 1 and of Pr(r; = r.) = 0. In
this study, the following three types of pore size distribu-
tion, i.e. normal distribution, uniform distribution and bi-
modal distribution were used:

Normal size distribution:

f(r):ﬁexp(—%[r_ﬂ]>7 —00 <7 <0 (10)

g

Uniform size distribution:

Y <r<k (11)

Bimodal size distribution:

74 -1 ’,.oczfl
T TEp” p( ﬂl) I'(x >“lep( ﬁz)

0<r<oo 12
(12)

where o is the standard deviation, u the mean pore radius,
I'(2) the gamma function and «, ¥ and « all the adjustable
parameter.

Before investigating the diffusive flow behaviour within
the network of pores, pore sizes are generated by the map-
ping of a sequence of uniformly distributed numbers in the
range of 0 and 1 on the corresponding probability distribu-
tion function Pr(r;) and then are randomly distributed to
the bonds.

3. Results and discussion

Drying simulations were performed on the pore network
model. At the beginning, every pore within the network is
assumed to have equal moisture content, with the value of
0.35 dry basis. When the drying starts, moisture content at
the periphery pores immediately equilibrates to the sur-
rounding air, which is assumed to be 0.165 dry basis in this
study. The diffusivity value used in the simulations was
1 x 107" m?/s. To minimize the effect of periphery pores
on the transport of moisture, size of the network should
sufficiently be large. In addition, it enables to capture the
moisture transport inside the large network closed to that
occurring inside the real porous materials, consisting of
many thousands of pores. A network size of 45 x 45, con-
sisting of 4140 pores in the network, was used in this study.
For each set of results reported, 20-30 realisations were
carried out and the average value was presented.

3.1. Influence of pore size distribution width

Pore size distribution is the important parameter not
only in quality of foods but also in transport of moisture
[16]. Their structures are given by a nature or through pro-
cessing. To simplify the problem, this work assumes that
the structure of foods does not change with time. Two case
studies were performed; the first deals with the width of
pore size distribution and the latter deals with the influence
of characteristics of pore size distribution (see Section 3.2).

In the first case, the simulations were performed with the
normal size distribution to determine the effect of pore size
distribution width on the average moisture content. The
width of distribution can be made by varying the value
of standard deviation. A mean pore radius was given, with
a size of 40 um. The average moisture contents of the net-
works versus time are plotted in Fig. 3 for the values of
standard deviation (¢) of 1, 7, and 12 pm. The moisture
content of the network, for a given standard deviation, is
rapidly decreased at the early drying period and slowly
decreased afterwards. This trend is generally found in dry-
ing curve of porous materials.



348 S. Prachayawarakorn et al. | International Journal of Heat and Mass Transfer 51 (2008) 344-352

0.35

0.32 4

0.29 4

0.26

0.23 1

0.2 4

Single size
0.17 1

Average moisture content (dry basis)

0.14 T T T T T T
0 3000 6000 9000 12000 15000 18000

Drying time (s)

Fig. 3. Influence of pore size distribution width on moisture content
(normal size distribution with g =40 um).

As shown in Fig. 3, difference in drying rate amongst
pore size distribution widths is clearly evident after which
moisture content of the networks is reduced below 0.25
dry basis. The moisture content is reduced faster with the
narrower pore size distribution, corresponding to smaller
standard deviation. When the standard deviation becomes
unity, the decrease of moisture content is almost identical
to that of the network of single-sized pore. The single-sized
network is an ideal network where the moisture diffusing
through any pore in the network is not interfered by their
adjacent pores. These simulation results emphasize the less
efficient transport of moisture within the network consist-
ing of large and small pores, which are randomly con-
nected. The poor transport is due to the larger pores
shifted behind smaller ones and this effect is named as pore
“shielding” [17]. Such shielding results in the moisture
existing in the shielded pores difficult to move from the
interior to the exterior because of the strong diffusional
resistances in the surrounding pores.

However, the pore shielding effect is insignificant at the
early drying period since the main portion of moisture
removed at this time is present near the network periphery
in which the moisture movement is not interfered by the
disorder of void spaces within the network. Thus, the
reduction of moisture content with time is nearly the same
for the networks of pores that possess different standard
deviations of pore size, as shown in Fig. 3.

The influence of the pore size distribution width on the
drying curve presented in Fig. 3 is similar to that reported
by Metzger and Tsotsas [18], exhibiting the strong effect of
standard deviation of pore sizes on the drying behaviour.
In their model, voids in porous material were represented
as cylindrical shape and their arrangement was in parallel
direction to fluid flow. The parallel capillaries were con-
nected all along their length with no any resistance and
fluid present in the capillaries was transported by the
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Fig. 4. Influence of pore size distribution width on transport property
(=40 pm).

capillary and viscous forces. However, Segura and Toledo
[19], who studied the isothermal drying of pore networks
by assuming the dominant contribution of capillary forces
over the viscous forces, reported the opposite results to the
above studies. In their work, the simulation showed an
insignificant effect of pore size distribution on the drying
curves of the pore networks.

Fig. 4 shows the influence of width of pore size distribu-
tion on the effective diffusivity with a mean value of 40 pum.
The effective diffusivity of the network reduces as the value
of o/u increases. The value of effective diffusivity decreases
from 9.4 x 10~ m%/s at the o/u of zero to 8.3 x 10~ m?/
s at the /u of 0.3. These results respond to the similar way
found in the drying curves, showing the faster drying rate
with lower value of standard deviation.

3.2. Influence of type of pore size distribution

In this section, the change in moisture transport, while it
diffuses through the network with different distributive
pores, i.e. uniform, normal and bimodal distribution, is
studied. In comparison, the networks of pores, which are
characterized by different types of pore size distribution,
have equal total pore volume and the network length is
equal. The structural parameters required to generate pore
size distributions are given as follows:

Normal size distribution: g =40 pm and ¢ = 10 um
Uniform distribution: k = 74.13 pym and y = 4.97 um
Bimodal distribution: f; =3 um, > = 10 um, o; =2 um
and o, =4.9 um

For the single-sized network, which is used as a baseline,
the pore size of 40 um was employed. Fig. 5 shows the
number diameter probability density function of pores gen-
erated from different types of pore size distributions using
the above structural parameters. In the bimodal distribu-
tion, the pore sizes are generally characterized by two
groups, small and large pores. Pore sizes produced from
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the structural bimodal parameters were given in the range
of small pores from 0.34 to 17.3 pm, accounting for 36%
of total number of pores allocated onto the network, and
in the range of large from 17.3 to 121.8 pm, accounting
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Fig. 6. Influence of type of pore size distribution on moisture content.

for 64% of total number of pores. For the uniform distribu-
tion, the generated pore sizes ranged between 1.9 and

71 pm.

Fig. 6 shows the influence of type of pore size distribu-
tion on reduction in moisture content, indicating the strong
impact of pore size distribution on the moisture change.
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The rate of moisture reduction is lowest with the bimodal
distribution and it becomes faster with the following uni-
form and normal distributions. Moreover, the fastest rate
of moisture reduction exhibits in the single-sized network
for which the shielded pores are absent. The moisture
transport through the bimodal network is least efficient in
spite of the larger pore sizes and higher pore volume in
the large pore assembly, both of which normally serve high
flow of moisture because of low resistance of moisture dif-
fusion in the large pores. However, the slowest drying rate
for the bimodal pores can be attributed to the fact that the
large pore assembly ineffectively communicates itself
throughout the network and some of them possibly allo-
cate behind the smaller pores. Thus, the moisture diffusion
from the inside to the outside for this pore size distribution
is strictly limited. This description can be interpreted
through the representation of network moisture gradients
in voids which will be shown in Fig. 7.

The changes of average moisture content of the net-
works, with different pore size distributions, shown in
Fig. 6 are selected for a particular drying time of 4500 s
to visualize the moisture content of each pore positioned
within the networks. The pictorialized representations of
local moisture content are shown in Fig. 7. Each pore
was colored according its moisture content. The represen-
tative colors with 21 shades from light grey to black were
used for the corresponding range of moisture content from
less than 0.16-0.34 dry basis. After drying is passed, differ-
ence in the detailed moisture contents amongst the net-
works of pores is shown up. As shown in Fig. 7d for the
“bimodal” network, the inefficient connection of large
and small pore assemblies exhibits the delay of moisture
in percolating through the network once the drying front
approaches the smaller pores. Irregular pattern of moisture
content is also found with the bimodally distributed pores.

The results from the simulations also indicate that the
moisture at the innermost pores of the ““bimodal” network
for the illustrative drying time of 4500 s is the same content
as at the initial one (black), implying that drying at that
area does not commences. With the other networks, the
moisture at the innermost had already decreased, reducing
from 0.34 to 0.32 dry basis which corresponds to the dark
grey color.

3.3. Effect of structure re-ordering on the drying kinetics

The food materials in particular fruit possess dense
physical structure and sugar content. When it is conven-
tionally dried, the crust or dense layer may possibly be
formed near the material surface. This created structure
does not facilitate internal moisture movement, thus result-
ing in long drying time, browning and darkening of prod-
uct and large energy consumption. One approach to
improve the drying rate is to change its physical structure,
for example, making it more porous. This can be made by
the foaming of fruit before drying [20]. In this section, the
concept of pore network is utilised to show how the drying

rate can be changed when the physical structure of material
is modified. Two illustrative structures are given to show
the scope for this.

The first structure is shown in Fig. 8a whereby the full
set of random pores, generated from the normal distribu-
tion (¢ = 10 um and p = 40 pm), is assembled in rank order
and then spirally wound into positions in the network, with
the largest pore at the exterior and the smallest at the cen-
tre. This architectural structure, namely minimum shield-
ing network, exhibits very more porous at the exterior

(2) minimum shielding network

(b) maximum shielding network

Fig. 8. Illustrative pore architectural structures.
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Fig. 9. Effect of pore architectural structure on the drying kinetics.

surface as shown in Fig. 8a. On the other hand, if the pores
are allocated into the network, with the smallest size at the
exterior surface and the largest at the centre, it can be visu-
alized as a dense layer at the surface, which is shown in
Fig. 8b, which is named as maximum shielding network.
The outer dense layer of the later pore structure may pos-
sibly be similar to that occurring in the biomaterials con-
taining high sugar content when dried with hot air. Both
pore structures shown in Fig. 8 have exactly identical pore
sizes used in the stochastic pore network. The simulation
results obtained from the above archetypal pore structures
are shown in Fig. 9. The transport of moisture through dif-
ferent configurations of pore assembly is strikingly differ-
ent. The reduction of moisture content is very fast with
the pore structure appearing very porous at the exterior
(D) and extremely slowest with the dense structure at the
exterior (A). The corresponding effective diffusivities are
1.57 x 107" m?/s and 3.81 x 10~ m%/s.

The moisture content of each pore for the architectural
configurations is shown in Fig. 10, for the illustrative dry-
ing time of 4500 s which is the same time as presented in
Fig. 7. As shown in Fig. 10a for the minimum shielding net-
work, the moisture content of the exterior pores at that
time lies in between 0.16 and 0.2 dry basis, corresponding
to the shade of grey color which increases intensity from
light to medium grey. This result implies the architectural
pore structure with very high porous at the outer surface
facilitating the high diffusive flux of moisture, thereby
enhancing the rapid fall in moisture content.

Because of high resistance of moisture diffusion in the
small pores at the periphery for the maximum shielding
network, the diffusion of moisture is restricted and this is
clearly evident from Fig. 8b, showing the grey color shade
only at the periphery pores whilst most inner pores have
moisture contents above 0.3 dry basis.

Moisture content
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Fig. 10. Moisture content in 2-D network with different arrangements of
pore assembly.

4. Conclusions

A 2-D pore network for the drying of moisture content
under isothermal condition has been studied. The transport
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of moisture within individual pore segments is described by
Fick’s second law. The simulation results have been shown
that the effect of shielding inherent in typical random pore
network results in slower decrease of moisture content and
hence lower value of effective diffusion coefficient as com-
pared to the single sized network for which the shielding
is absent. Degree of shielding is different among pore size
distributions and this effect causes the value of effective dif-
fusion coefficient to be dependent on the distribution types.
The strongest shielding effect is found with the pore net-
work characterized by bimodal pore size distribution and
this influence consequently results in drying of bidisperse
porous structure relatively longer time than the other illus-
trative pore size distributions, i.e. uniform and normal dis-
tribution. The drying rate of the stochastic pore network
can be improved through the proper pore structure. This
superiority is greatest with the network of pores appearing
highly porous at the exterior. On the other hand, porous
particles, with a dense layer at the surface or consisting
of small exterior pores, can be dried with lowest rate.
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ABSTRACT

A diffusion model including shrinkage has been developed for predicting the
change of moisture content in banana foam mats during drying. Two solution methods,
moving boundary using variable grid and immobilizing boundary using the Lagrangian
referential coordinate, were used in exploring their capabilities to predict the moisture
change. Banana foam mats with initial foam densities of 0.3, 0.5 and 0.7 g/cm’ were
dried at 60, 70 and 80°C and superficial air velocity of 0.5 m/s. The qualities of the final
products in terms of texture and microstructure were determined. The moving boundary
method can predict the moisture content more accurate than the immobilizing boundary
method especially in the case of low density foam. The quality determinations showed
that the initial foam density strongly affected hardness, crispness and morphology of
dried banana foam mats whilst the drying temperature had no significant effect on those
qualities.
Keywords diffusion model; immobilizing boundary; moisture diffusivity; moving
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INTRODUCTION

Banana is fast perishable after harvesting. Dehydration of banana can provide an
extension of shelf-life and also reduce losses. Banana chip, one of the most favorite
products, can be served as a snack food or added in cereal breakfast. The combination
of foaming and hot air drying is an alternative method to produce banana chips.

Banana foam initially consists of gas bubbles and aqueous phase. When
moisture in banana foam starts vaporization, porous structure appears. The creation of a
porous structure can improve the textural properties of dry crisp foods in particular
hardness and crispness. In addition, banana foam can be rapidly dried to 0.04 kg/kg db,
which is a desired value for the crisp products [1]. Study of the drying process of
banana foam is therefore important for producing crisp banana chips with desired
quality. Design of efficient drying conditions can improve the product quality as well as
reduce the energy consumption. Mathematical models are useful tools for pre-design
that can reduce the trial and error efforts involved in experimentation.

The mathematical formulation of mass transfer in porous material during drying
is often based on a Fick’s second law. The moisture movement inside porous media can
occur in forms of liquid and vapor [2]. Liquid diffusion, capillary flow and surface
diffusion can take place in liquid phase. Molecular diffusion and Knudsen diffusion are
possible mechanisms for vapor transport. These mechanisms are lumped into an
effective diffusivity. In principle, the effective diffusivity can be determined
experimentally. For the materials undergoing shrinkage, variations in volume must be
considered in the effective diffusivity [3,4].

In case of banana foam, shrinkage is very severe because instability of gas
bubbles yields bubble collapse, in addition to stresses-induced shrinkage. Shrinkage of

material results in a shorter distance for the moisture travelling from inside to the
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outside. Shrinkage effect should therefore be taken into account in the diffusion model,
in order to successfully describe the transport of moisture inside the samples.

Several solution methods can be used for solving the diffusion model including
shrinkage such as immobilizing boundary using the Lagrangian referential coordinate
[3,4,5,6] and moving boundary using variable grid [7]. The latter method is more
realistic to allow for changes in the dimensions. However, it is more complex as
compared to the first method.

The objective of this work was therefore to evaluate the capability of two
solution methods, moving boundary and immobilizing boundary, in predicting the
moisture content in banana foam mats during drying. The important qualities of the final

products, i.e. texture and microstructure were also reported.



In press in An International Journal of Drying Technology

MATERIALS AND METHODS
Preparation of banana puree and foam

Gros Michel bananas (Musa Sapientum L.) at a mature stage of 5, which
contained total soluble solids of approximately 23-25°Brix, were used. Bananas were
cut into slices with a slicing machine. To prevent discoloration during foaming, the
sliced bananas were pretreated by immersing them in 1% (w/w) sodium metabisulphite
solution for 2 min and then rinsed with distilled water for 30 sec [8]. The pretreated
banana slices were chopped into small pieces and then blended with a blender (Waring,
model no. 8011 BU, Torrington, CT) for 1 min. About 800 g of the banana puree was
then poured into a mixing bowl and 5% fresh egg albumen (on a wet puree basis) used
as the foaming agent was added to the banana puree. The banana puree with egg
albumen was whipped by a Kitchen Aid Mixer (model no. 5K5SS, Strombeek-Bever,
Belgium) at a maximum speed to foam densities of 0.3, 0.5 and 0.7 g/cm’.

Foam density was determined by measuring the mass of a fixed volume of the
foam. Determination was performed carefully to avoid destroying the foam structure
and to ensure that there were no voids while filling the foam into the measuring beaker.
The experiments were done in duplicate.

The moisture content of the foamed banana is normally determined by the
vacuum oven method 934.06 [9]. However, drying of foamed banana in a hot air oven
at a temperature of 103°C for 3 hr was used instead of AOAC method [9]. The moisture
content determined by the hot air oven was closed to that obtained by the vacuum oven

method, the percentage error from two methods approximately 0.4%.
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Drying procedure

Banana foam mats with a thickness of 5 mm were placed on a mesh tray, which
was covered with aluminum foil, and then put into the drying chamber. The samples at
three foam densities of 0.3, 0.5 and 0.7 g/cm’ were then dried to about 0.03 kg/kg db
using the drying air temperatures of 60, 70 and 80°C and a superficial air velocity of 0.5
m/s. Moisture loss from the samples was determined by weighing the sample tray

outside the drying chamber using an electronic balance (+0.01 g).

Texture analysis

Banana foam mats, after drying to about 0.03 kg/kg db, were taken to examine
their textural properties. The texture of dried banana foam mats was evaluated by a
compressive test using a texture analyzer model TA.XT.plus (Stable Micro Systems,
Surrey, UK). The sample was placed on the hollow planar base. The test applied a direct
force to the sample using a 5 mm spherical probe at a constant crosshead speed of 2
mm/s. The hardness was defined as the maximum force of the force-deformation curve
and the crispness was characterized by the number of peaks and the slope of the first
peak. Eight samples were tested and the average values of hardness and crispness were

presented.

Microstructural analysis

A scanning electron microscope (JEOL JSM-5600LV, Tokyo, Japan) was used
to characterize the microstructure of dried banana foam mats. The dried banana foam
mat was placed on two-side adhesive tape attached to metal stub and was coated with
gold. SEM micrographs were taken at an accelerating voltage of 10 kV and a

magnification of 35 x.
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MATHEMATICAL MODEL
A Fick’s diffusion model was used to describe the transport of moisture inside a
single banana foam mat. The main assumptions used in the proposed model were that
the product shape was an infinite slab, the moisture transfer and volume change took
place only in the thickness direction. In addition, the external resistance to moisture
transfer was negligible and the moisture distribution inside banana foam before drying
was spatially uniform. The moisture diffusion inside banana foam can be expressed by

the following equation [10]:

M _ 2 pr M), oex<Lit M
ot 0ox ox

“f is the effective moisture diffusivity (m%/s), L(t) is the sample thickness

where D,
varying with the moisture content (m), M is the local moisture content (kg/kg d.b.), x is

the coordinate along the diffusion path and t is the drying time (s).

Since the effective moisture diffusivity is not constant, the space derivative of

M and M on the right side of Eq. (1) can then be written as:
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SOLUTION METHODS

Two solution methods, moving boundary and immobilizing boundary, are
presented for solving a diffusion model including shrinkage for banana foam mat. The
two solution methods have been extensively used for shrinkage problem, however,

slight modifications of both methods are needed for banana foam.
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Moving boundary

Moving boundary is a method in which the domain of integration (x) is not
constant. The variable grid central finite difference was used and the spacing between
each grid point (Ax;) was not equal and not constant. The number of grid points (Fig. 1)
was kept constant during the time steps of calculation.

The values of moisture content at each grid point were solved from the nonlinear
partial differential equation (Eq. (2)), together with the earlier mentioned assumptions.
Eq. (2) was discretized in the positions by the variable grid central finite difference

method in its explicit form as follows:

Mj _MJ Mj _MJ

j+1 j i i i j eff, ] eff ]
MiJ+ _Mf eff,j Axiﬂ AXl Mm _MH DV,i‘*'l _DV,i—l
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i+l i

2 2
where subscript i and superscript j represent node and time indexes, respectively.

As the moisture content at each grid point was known, the spacing between each
grid point was then adjusted according to the average moisture content of each section.
From the experiments, it was found that a decrease in the thickness of banana foam
mats was in a linear relation with the moisture content, which could be described by the
following equation:

L/Lo = a+tbM/M 4)
where a is 0.349, 0.496 and 0.503, b is 0.702, 0.521 and 0.507 for the initial foam
densities of 0.3, 0.5 and 0.7 g/cm’, respectively. L is the thickness of banana foam mat at
a given moisture content (m), L is the thickness of banana foam mat at the beginning (m)

and My is the initial moisture content of banana foam mat (kg/kg d.b.).
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In this work, it was assumed that the relationship between spacing of each section
and average moisture content in that section was in a linear function. It can be calculated
by applying Eq. (4) for differential element and it can be written as:

AXx,/Ax, =a+bM_ /M) (5)

where Ax; is the spacing between each grid point (m), Axg is the spacing between grid
point at the beginning (m), M,y is the average moisture content of each section (kg/kg
d.b.), My is the initial moisture content at the beginning (kg/kg d.b.).

As the spacing between each grid point was adjusted, the thickness of banana
foam mat was also updated; the sum of the new spacing of each section was the new
thickness of banana foam mat. The average moisture content of banana foam mat at
each time step was then calculated by integration of the local moisture content over the
new thickness of banana foam mat. This calculation procedure was repeated until the

desired final moisture content was achieved.

Immobilizing boundary

Immobilizing boundary is a method for solving shrinkage problems, in which
the domain of integration of the diffusion equation is constant. In order to fix the
domain of integration, the Lagrangian coordinate (£ ,t) was used instead of the Eulerian
coordinate (X,t).

Considering many foodstuffs, i.e., potato, fish fillet and banana, it was assumed
that no pores or air voids are present and these products consist of solid (dry matter)
with volume V; and liquid (water) with volume V,,. The variation of the material
volume during drying is equal to the volume of evaporated water whilst V remains
constant throughout the drying time. The volume of solid is thus chosen as the

Lagrangian referential coordinate (&) for such system in order to fix the domain of



In press in An International Journal of Drying Technology

integration. The maximum value of £ is the thickness of the dry product (zero moisture
content) if the diffusion and the shrinkage are assumed to be unidirectional.
The Lagrangian coordinate and the Eulerian coordinate are related by the mass of
the solid (m;) [6,11] and it can be expressed by:
p.Adx = ps Adé (6)

where A is surface area (m?), p, 1s the apparent density of the solid (kg/m?), which is

the ratio between the mass of the solid and its overall volume, and p: is the apparent

dry solid density (kg/m’), which is the ratio between the mass of the solid and the
volume of the dry product.

Rewriting Eq. (6), it is thus obtained:

9 _ P
ox  ps

(7
The transformation of Eq. (1) into the Lagrangian coordinate can be obtained by using Eq.
(7) and it can be expressed as:

M_ 2 pafp) M
at _ag[DV [p‘fJ aéJ’0<§<Lf ®

S

where Ly is the thickness of the dry product (m).

In case of the banana foam, its overall volume initially consists of volume of solid
(Vs), volume of water (Vy,) and volume of air voids (V,) which were produced during the
whipping process and not occupied by water. We have to determine the Lagrangian
referential coordinate which is similar to the bi-constituent systems (solid and liquid) as
described earlier, that is, the coordinate, which was chosen as the Lagrangian referential,
must be constant during water diffusion. If the volume of the dry banana foam mat,
which consisted of volumes of solid and air voids, was considered as the Lagrangian

referential coordinate, both volumes remained constant throughout the drying time.
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When the volumes of solid and air voids were fixed, the sample shrinkage occurred

solely due to the moisture loss. The maximum value of & was the thickness of dry
banana foam mat since the diffusion and the shrinkage were assumed to be one-dimension.

The relationship between p, and p’ is given by:

= )

P _ Ve _Le
p; V L
Because the diameter of banana foam mat was constant, the volume change of banana
foam mat occurred only in the thickness. V¢/V is then equal to Ly/L where V is the
volume of banana foam mat at a given time (m’) and Vy is the volume which was chosen
as the Lagrangian referential coordinate.

The ratio of Lf and L can be derived from Eq. (4). Since a in Eq. (4) is the y-

intercept which is equal to L¢/L, so that Eq. (4) can be rearranged in form of L¢/L as:

Lf/L:; (10)

1+E(M/M0)
a

where b is called as the shrinkage coefficient ( ).
a

Substituting Eq. (10) into Eq. (8), it yields:

M 8 (Deff | oM

M _ 0 11
ot ol 1+ pMIM,)) agj’ <<k (1D

Eq. (11) was discretized in the positions by the central finite difference method

in its explicit form and it can be expressed as:

10



In press in An International Journal of Drying Technology

MPtoM DI (M -aMpemi) (vl oM ps -Di)
At LM ’ (Ag) L p M ’ 4Ag)
M, M,

o e )
_ s - 3 . i+1 2i—l
M! 4(Ag)
Mo(l + f Ml J

0

(12)

As the local moisture content was known, the average moisture content of

banana foam mat at each time step was then calculated by integration of the local
moisture content over the thickness of the dry banana foam mat.

The R-square (R?) and root mean square error (RMSE) were used to estimate the

accuracy of average moisture content prediction. The RMSE was calculated as follows:

%(Yexr),i - Ypre,i )2
RMSE =1/, N (13)

where Yepi and Y are respectively the experimental and predicted average moisture
content of banana foam mats at a given time (kg/kg db) and N is the number of average

moisture content measurements.

11
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RESULTS AND DISCUSSION
Effective moisture diffusivity

The effective diffusivity of banana foam mats determined by the method of
slopes is shown in Fig. 2 (a-b). The detail of calculation can be seen from Karathanos
[12]. The effective diffusivity decreased with decreasing moisture content, except for
the early stage of drying where the effective diffusivity increased with decreasing
moisture content due to the rapid rise of product temperature. In addition to the moisture
content, the effective moisture diffusivity was higher when the drying temperature
increased and the initial foam density decreased.

The relationship between effective moisture diffusivity and average moisture

content of banana foam is described by the following empirical equation:
4 .
Deff(M)zaexp(ZaiM‘j (14)
i=1

where a and «; are the empirical parameters. The a and « ; depended on the initial
foam density and drying temperature and were obtained by non-linear regression
analysis; the results together with R? values are presented in Table 1. The proposed
equation could adequately describe their relationship with R? values being in the range

0f 0.945-0.998.

Model validation

Fig. 3 (a-c) shows the comparisons between experimental data and predictions
of average moisture content of banana foam mats at different initial foam densities. It
could be observed that the accuracy of predictions of the average moisture content
throughout the drying time were different amongst the calculation methods, moving and
immobilizing boundaries. The moving boundary method could predict the experimental

results more accurate than the immobilizing boundary method especially for the case of

12
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low initial foam densities. At initial foam density of 0.3 g/cm3 and drying temperature
of 80°C, R-square values (R?) were 0.98 and 0.49 and root mean square error values
(RMSE) were 0.14 and 0.66 for moving and immobilizing boundary methods,
respectively. This is attributed to the simplified assumption of the immobilizing
boundary method, that is, the volume of air voids presented in a banana foam mat
remained constant throughout the drying time. As the volume of air voids was assumed
to be fixed, the sample shrinkage occurred only due to the moisture loss. Nevertheless,
the shrinkage of banana foam mats at initial foam density of 0.3 g/cm’ did not follow this
assumption. At this foam density, the reduced volume was larger than the volume of
removed water (the data was not shown here) due to the collapse of gas bubbles which
occurred during the non-rigid state of the foam.

When the immobilizing boundary method was applied to the higher initial foam
densities, 0.5 and 0.7 g/cm’. The predictions of average moisture content of banana
foam mats by this method approached to those predicted by the moving boundary
method as shown in Fig. 3 (b-c), resulting in higher values of R* and lower values of
RMSE as presented in Table 2. This is because the shrinkage of banana foam mats at
higher initial foam densities was nearly equal to the volume of evaporated water. In
addition, the predictions by immobilizing boundary method are satisfactory for high
density foods, i.e., potato, fish fillets and purified chitosan [3,4,5,6].

The time required for reducing the moisture content of banana foam mats to about
0.03 kg/kg db was lesser when using lower initial foam densities (Fig. 3) due to the larger
air voids which were produced at lower foam density (see SEM micrographs). A larger
amount of water could easily travel through the larger voids, resulting in shorter drying
time. As shown in Fig. 4, the drying time was also shorter when the banana foam mats

were dried at higher drying temperature due to the higher moisture diffusivity. The

13
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difference between experimental and simulated drying time when using the moving
boundary method was within 6% in all cases.

Fig. 5 shows the comparisons between experimental data and predictions of
thickness change of banana foam mats at different initial foam densities. It can be seen
that the moving boundary method could predict the sample shrinkage corresponding to
the experimental data. As depicted in Fig. 5, the samples at low initial foam density

were more shrunk than those at higher initial foam densities.

Quality of dried banana foam mats

Fig. 6 (a-d) shows SEM micrographs of banana foam mats dried at different
temperatures for various initial foam densities. It was observed that the pore shape of
dried banana foam mats was elongate whilst the pore shape of banana foams before
drying was spherical (not shown here). This is probably due to the stress formation
during drying, which led to some distortion.

For the textural properties, it was found that hardness and crispness were
strongly affected by their microstructures. The samples with initial foam density of 0.3
g/en’, in which adhesive-forces between solid matrices were not strong, yielded the
lesser dense structure and lower strength. Hence, the hardness was smaller as compared
with that of the samples with higher initial foam densities (see Fig. 7a). In terms of
crispness, the samples with lower initial foam densities had smaller number of peaks
and lower slopes of the first peak as shown in Fig. 7 (b-c). The small number of peaks
and low initial slope obtained from samples at low initial foam density of 0.3 g/cm’
indicated that this banana foam was less crisp as compared with the samples at higher
initial foam densities. The hardness and crispness of samples dried at higher or lower

temperatures were not different because the morphology of these samples was

14
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insignificantly different as previously shown in Fig. 6. However, the hardness and
crispness of samples with initial foam density of 0.7 g/cm’ and dried at 60°C were not
reported since their moisture content could not be reduced to the desired value,

approximately 0.04 kg/kg db, at which the products were not crisp [1].

15
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CONCLUSIONS

The diffusion model including shrinkage solved by moving boundary method
could predict the average moisture content more accurate than the immobilizing
boundary method. The initial foam density strongly affected the moisture diffusivity
where the lower foam density, corresponding to the larger voids, provided higher values
of effective diffusivity and resulted in shorter drying time. Moreover, the initial foam
density affected the morphology and textural properties of dried banana foam mats
whilst the drying temperature had no significant effect on those qualities. The extensive
porous structure of banana foam at lower densities led to lower values of hardness and

crispness.

16
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FIG. 1. Finite difference grid points (point 0 is the bottom and point 50 is the surface)
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FIG. 2. Moisture diffusivity of banana foam mats at different drying conditions
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FIG. 3. The comparison between experimental data and predictions of average moisture
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FIG. 4. The comparison between experimental data and predictions of average moisture
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FIG. 6. (a-d) SEM micrographs of dried banana foam mats at different initial foam densities and drying temperatures
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TABLE 1

The calculated values of a and «; (Eq

. (14)) for various foam densities and drying

temperatures
Drying condition Empirical parameter
Foam density = Temperature —10 2
(g/cm3) (OC) aXlO al az a3 a4 R
60 20.4978 0.3823 -0.750 0.6042 -0.138 0.980
0.3 70 25.4514 0.5247 -1.013 0.7768 -0.177 0.964
80 28.5214 0.4324 -0.602 0.5060 -0.121 0.983
60 5.5042 2.8784 -2.8579 1.3158 -0.2218 0.974
0.5 70 12.9837 0.8666 -0.6938 0.3734 -0.0763 0.998
80 14.5071 1.0528 -0.8794 0.476  -0.099 0.996
60 3.3549  3.1578 -3.2075 1.5468 -0.2762 0.953
0.7 70 4.4478  3.7392 -4.0588 1.9792 -0.3497 0.945
80 7.879 22188 -2.2754 1.1498 -0.2157 0.973
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TABLE 2

The R-square values (R?) and root mean square error values (RMSE) of predictions of

average moisture content by moving and immobilizing boundary methods

Drying condition R’ RMSE
Fozzgfni?)s ity  Drying Efrgf crature moving immobilizing moving immobilizing
60 0.98 0.56 0.13 0.63
0.3 70 0.98 0.43 0.14 0.65
80 0.98 0.49 0.14 0.66
60 0.99 0.93 0.12 0.28
0.5 70 0.98 0.93 0.14 0.30
80 0.99 0.90 0.11 0.32
60 0.98 0.96 0.12 0.19
0.7 70 0.99 0.96 0.12 0.19
80 0.99 0.96 0.10 0.18
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The diffusion madel inchiding shrnkage hias been developed for predicting the change of moisture
cantent in banana foam mats daring drying. The moving boundary using variable grid and the
unzoobiliang boundary using an alicmative frame of reference were used n explodng their
capabilitics to predict the moisture change. The moisture content of banana foam mats at thrce
foam densilics of 0.3, 0.5 and 0.7 g/m} doied al three temperatures of 60, 70 and 80°C and at a
superficial air velocity of .5 m/s wer monitored and validated with the proposed model. The
qualitics of the final product ie. texture and microstruciore were also investigated. The
moving bovndary method can prediet the average moisture content more accurate than the
immobilizing houndary method espectally in the case of low density banana foam. The quality
determinations have shown that the fozm deasity significanty affected hardness, crisppess and
morphology of dricd banana foara whilst the drying temperature did not influence on those
qualilies.

1. Introduction

Banana is fast deterioration after barvesting. The production of bapana chips is
an alternative way 10 preserve its quatity and alse to add its value. The
combination of foaming and drying is an interesting method to produce the crisp
banana chips because the banana foam can be dried rapidly 10 4% dry basis,
which s a desired value for the crisp product [1].

Banana foam mat initially consists of gas bubbles and aqueous phase. When
moisture in banana foam staris vaporizing, porous structure appears. This
microstructore plays an important role in the mechanism of internal mass
tansfer. The mwistare can transfer in forms of liquid and vapor. These
echanisms are lumped into an effective diffusivity. When the moisture removes
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from poTOUS Inaterials, a pressure unbalancing between the inner and the expe
of sample is produced, generating stresses thal cause shrinkage. In specific
of banena foam, shrinkage of such system is very severe becausc instability
gas bubbles yields bubble collapse when the foam 15 a non-rigid state, in addjtion
to stresses-induced shrinkage. This results in a shorter distance of travelip
moisture from the inside to the outside. Shonkage effect should therefore ho
taken into account n the diffusion model, in order to successfully descrbe the: :
transport of moisture joside the samples and accurately simulate moistare content |
and drying time. Shrinkage of banana foam took place in one dimension and
depended only on the foam density in which the samples at low foam density 58§
were more shnmk than those at higher foam density {2} Several solutiog
methods can be used for solving the diffusion model 1ocluding shrinkage suchas
immobilizing boundary and moving boundary.

The objective of this work is 1o evalvate the suitable sojution method for solving
a diffusion model inciuding shrinkage for banana foamn mat Two solution methods,
moving boundary and immobilizing boundary, are compared. The important qualities
of the final product, i.e. texture and microstructure are also considered in thiswotk. 8
2. Experimental Procedure

The banana puree with 5% of fresh egg albumin used as foaming agent was foamed
to densities of 0.3, 0.5 and 0.7 g/ml. 5 mm thick banana foam mats placed oo
mesh tray, which was covered with alummam foif, were inserted into the drying =
chamber. The samples were then dried to abowt 3% (dry basis) using drying =
temperatures of 60, 70 and 80°C and a superficial air velocity of 0.5 mfs. i

For quality determinations, the texture of dried banana foam mats was &
examined by a compressive test using a texture analyzer model TA-XT2i (Stable
Micro Systems Lid., UK). The sample was placed on the hollow planar base. &
The test applied a direct force to the sample using a 5 mm spherical probe af 2
constant rate of 2 mm/s. Eight samples were tested in each drying condition. The =8
hardness was defined as a maximum force and the crispness were characterized =
by the slope of the first peak The dried banana foam mats structure was &
characterized by SEM (JEOL JSM-5600LV, Tokyo, Japan).

3. Mathematical Model

A Fick’s diffosion model including shrinkage was used to describe the traosport of 25
moisture. inside the banana foam mat. The main assumptions used i B¢ gt
proposed model were thal the product shape was an infinite slab; moistuf®
. transfer and volume change took place only in the thickness direction and the =8
external resistance to moisture transfer was negligible. The moisture diffusion 2
instde banana foam can be expressed by the following equation:
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A ax Y o
where D, is the effective moisture diffusivity {m%s), L is the sample thickness
(m), M is the moisture content (kgkg d.b.), x is the coordinate along the

diffusion path, t is the time (s).

M_9 (D“-ay—],0qg¢(t) )

3.1. Solution methods

3.1.1. Moving boundary
50 sections (51 nodes} uzed in the model soluion

Axy Axso

IA}L1|&XZ A‘X«i‘ﬂds ‘Ax.;g

0 i 2 3 4 5 48 44 50

Figute |. Finite difference nodes {(node 0 is 1he botiom and node 50 is the surface)

Moving boundary is a method in which the domain of integration is not constapt.
The variable grid centrat finite difference was used, the distances of each section
(Ax) are nol equal and not constant during the time step of calculation,
depending on moisture confent in each section. At each time siep, the value of
moisture at each node was calculated by transforming Eg. (1) into finite
difference and the explicit method was used, together with the assumption of
equilibriuma condition at the surface [3]. After each time step, the distances of
each section were adjusled according to the average moisture between nodes
assuming that the sample thickness is kaown as a function of moisture content as
shown by the following equation:

/Lo =a + bM/My) @)
where a ts (0.349, 0.496 and 0.503, £is 0.702, 0.521 and 0.507 for 0.3, 0.5 and 0.7
g/mi initial foam densities, respectively [2], Lo is the thickness of banana foam mat
at the beginning (m) and My is the initial moisture content (kg/kg d b).

3.1.2. Ifmmobilizing boundury

Tmoebilizing boundary is a method in which the domain of integration is
constant. The final volume of dried banana foam mat was used as the frame of
reference in order to {ix the domain of integration and the volume of section used
as frame of reference remained constant throughout the drying time whilst the
actoal volume changed with time. The diffusion coefficienl in the frame of
reference (D) was related to the actual volume diffusion coefficient O™ by
the following equation [4]:



<l +if
fﬁ': D, 5 or D;ﬁ= D, 5
(VIVD) (L/Ly)
Since volume change occurred only in the thickness, then V/Viequals /L, where '1,(
is the finat thickness of dried banana foam mat (m), V and Vyis the actual volume (¢
panana foam mat and the final volume of dried banana foam mat ().
So that the diffusion equation is expressed by:
oM 9 (Dtﬁ oM
B ox ax
Taking Eq. (3} into Eq. (4}, Eq. (5) was obtajned:
M _ 3 [ D oM

Bt e M) Bx] O<x<L¢

[/L; can be derived from Eq. (2). Since a in Eq. (2) is the y-intercept whj
equals Lelg, so that Bq. (2) can be rearranged in form of L/L; as follows:

] O<x<ly

b 3
LA, =1+ — (M/M,) (6) 7
a
4. Resulfs and Discussion
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Figure 2. Moisture diffusivity of banana foam mats at different dryiag coadition :
The effective moisture diffusivity of banana foam mats, calculated by the melhOd_
of slopes [5], was higher when the drying temperature increased and the initial
foarn density decreased as shown in Fig. 2. The relationship between eHective
moisture diffusivity and moisture content for various initial foam densities and 5
drying teroperatures was expressed by the following empirical equation:

D, (T_\‘I)zaexp[i: a M’ J

1=}

)

where a and &, are empirical parameters which can be obtained by the 1ot
linear regression with the correlation (R”) in the range of 0 945-0.998.
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Figure 3. Experimental data and prediction for banana foam mat (a) drying curves
(b) sample thickness (prediction by moving boundary method)

Fig. 3 (a) shows drying curves between experimental data and prediction for
banana foam mats at initial foam densities of 0.3 and 0.7 g/ml. It can be observed
that the accurate predictions of the average moisture content throughout the
drying curve with moving boundary methbod and immobilizing boundary method
were different. In the case of low foam density of 0.3 g/ml, the immobilizing
boundary method predicted less accurate than the meving boundary method. The
reol mean square error values (RMSE) were 0.63 and 0.13 for imsnobilizing and
moving boundary metheds, respectively. This is because of the main assumption
of immobilizing boundary, that is, the sample shrinkage 15 equal to the volume of
waler evaporated (6]. However, the shrinkage of the banana foam mat as initial
foam density of 0.3 g/ml did ot follow his assumphon, the sample was more
shrunk than the volume of waier evaporaled (the data was not shown) due to the
bubble collapse. -

When the immobilizing boundary ruethod was applied to the high foam
deasity of 0.7 g/ml, at which its shrinkage pearly equaled the volume of water
evaporaied, ifs prediction was insignificant different from that predicted by the
moving boundary method. RMSE values were 0.19 and $.12 for immobilizing and
moving boundary methods, respectively.

The time required for reducing its moisture content 10 about 3% dry basis was
less when dried at lower initial foam density due 1o the targer voids which were
produced at lower foam density as shown in Fig. 4. A larger amount of water can
easily transport through the larger voids, resulting in shorter drying time. The
drying time was also shorter when the banana foam mats were dried at higher
drying tesperature due to the higher moisture diffusivity.

Fig. 3 (b) shows the sample thickness as a furction of moisture content. The
model can predict the saraple thickness relatively well as compared to the
experimental data. The samples at low foam density were more shrunk than those
at higher foam density.
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Figure 5. Hardness and erispness of dricd basana foam mats at different foam densities
and drying temperatures

For the textural propertics as shown in Fig_ 5, it was found that hardness and
crispness are strongly affected by their microstructures. The samples al low
initial foam densily of 0.3 g/ml, chamacterizing Jarge number of large pores a8
shown in Fig. 4, yielded the less dense structure. Hence, hardness was smaller 23
compared io the samples at higher initial foam density. In terms of crispness, e
initial slope was very small for the samples at initial foam density of 0.3 gfml.
This indicaled that he products were fess crspy as compared to the samples 2t
higher initial foam density siace the cell walls of the samples looked smoother
and thinner than those at highee iniiial foam density. However, hardaess and
crispness of dried baoana foam mats were rot different amongst the sample dried
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at kigh and low lemperature becawvse lhe morphology of these samples was
insignificantly different as shown in Fig. 4. Drying ternperature had no significant
effect on the morphology of dried banapa foam since stresses generated from a
pressure unbalancing between the inner and the external of sample dred at
intermediate lemperture (60°C-80°C) may not be large cnough to affect the
morphology. This resull comresponded to the shnnkage, at which it was not
dependent on the drying temperature [2).

5. Conclusions

The dillusion model including shrinkage using moving boundary .method can
predict the average moisture content more accurate than the immobilizing
boundary method. For the guality determinations, the foam density significanily
affected textural properties and morphology of dried banapa foarn mats whilst
the drying temperatare did not influence op those qualities. The samples at low
inilial foam density yielded the less dense structure so that the hardress and the
crispness were small. Furthermore, it facilitated the wansport of moisture,
resulting in the higher moisture diffusivity and the shorter drying time.
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ABSTRACT

The influences of foam densities and drying temperatures on drying
rate, diffusivity and qualities of the final product i.e. shrinkage, texture and
microstructure were investigated in this work. The banana puree with 5% of
egg albumin used as foaming agent was foamed to the densities of 0.3, 0.5 and
0.7 g/ml. 5 mm thick banana foam mats were dried to about 3% (dry basis) at
three temperatures of 60, 70 and 80 °C and at a superficial air velocity of 0.5
m/s. The experimental results have shown that the drying rate and the effective
moisture diffusivity of banana foam mats were higher when the samples were
dried at lower foam density and higher drying temperature. The morphologies
of banana foam mats were not different amongst the samples dried at high and
low temperature.

Considering shrinkage of banana foam mats, the samples at low foam
density were more shrunk than those at higher foam density, probably due to
foam collapse. However, the temperatures have no significant effect on
shrinkage. Additionally, compressive tests showed that the initial foam density
significantly affected the hardness and the crispness of dried banana foam
mats while the drying temperature did not influence on the hardness and the
crispness.

Keywords: Banana, crispness; foam-mat drying; shrinkage; SEM.

INTRODUCTION

Banana is one of the important tropical fruits. It is fast deterioration
after harvesting. Drying is generally performed to preserve its quality and also
to overcome the post harvest losses as well as to add value to it. Major
problems of the dried banana slices are the unfavorable changes in color and
texture due to long drying time. To facilitate the transfer of moisture, banana
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was foamed before drying. This process is subject to be investigated in this
study to produce the crisp banana chip with high quality.

Foaming is a process that liquid or semi solid is whipped to form stable
foams. Foams are stable when low surface tension and high viscosity occurred
at the air/aqueous interface (Cherry & Mcwatters, 1981). Many foods, i.e., egg
white, beef extract and milk naturally contain soluble proteins which can be
converted into stable foam when whipped (Hart et al., 1963). Soluble proteins
known as foaming agent are spontaneously adsorbed at the air/aqueous
interface. The outcome of proteins adsorption is a reduction in surface tension
which improves the foam formation (Prins, 1986). Foam must also retain the
open structure during drying. If foam breaks or drains excessively, increase in
the drying time and poor product qualities may be occurred (Hart et al., 1963).
As mentioned above, banana is therefore necessary to incorporate foaming
agent into it with subsequent whipping to produce foams and retain the open
structure after drying.

Garcia et al. (1988) reported that ripe banana puree with 1% w/w of
dried egg albumin used as foaming agent can be foamed. Its volume was
increased about three times. The drying rate for the foam was about twice as
compared to the slices. However, no informations have been reported about the
qualities of dried samples. Sankat and Castaigne (2004) found that ripe banana
can be successfully foamed using soy protein isolate (ICN Biomedicals) as
foaming agent and dried in a cross flow dryer.

The objective of this work is to study the influences of foam densities
and drying temperatures on drying rate, diffusivity and qualities of the final
product, considered in terms of shrinkage, texture and microstructure.

MATERIALS AND METHODS

Preparation of the banana puree and foam

Ripe banana of the Cavendish variety with a mature ripe stage of 5
contained total soluble solids approximately 23-25°Brix were cut into slices
and pretreated by dipping in a 1% sodium metabisulphite solution for 2 min
and rinsed with distilled water for 30 sec. The banana slices were blended to a
puree in a Waring blender for 1 min. The banana puree with 5% of egg
albumin used as foaming agent was whipped with the Kitchen Aid Mixer,
Model 5K5SS (set at its maximum speed) to the densities of 0.3, 0.5 and 0.7
g/ml.

246



Foam density was determined by measuring the weight of a fixed
volume of the foam. The experiments were done in duplicate.

The initial moisture content of the banana foam was determined by hot
air oven at 103°C for 3 hr.

Drying characteristics

Five mm thick banana foam mats placed on a mesh tray which was
covered with aluminum foil were inserted into the drying chamber in tray dryer.
The samples were then dried to about 3% (dry basis) at three foam densities of
0.3, 0.5 and 0.7 g/ml, three drying temperatures of 60, 70 and 80°C and a
superficial air velocity of 0.5 m/s. Moisture loss from the samples was
determined by weighing the sample tray outside the drying chamber using an
electronic balance (+0.01 g). The banana moisture contents as a function of
time were reported.

Determination of the effective moisture diffusivity

The effective moisture diffusivity at various moisture contents was
determined by the method of slopes. The method of slopes is based on the
solution of Fick’s equation for unsteady state diffusion.

The banana foam mat is assumed to be an infinite slab. Furthermore,
one-dimensional moisture movement without volume change and constant
moisture diffusivity are assumed. The external resistance to moisture transfer is
negligible and the initial moisture distribution at the beginning is uniform
throughout the slab. An analytical solution for constant diffusivity can be given
by the following equation (Crank, 1975):

M_ o 2 2
MMy _ 82 1 | CGot Dt

1
M-M, 7 wo2n+ 1y 4 v

where D is the moisture diffusivity (m?/s), MR is the moisture ratio, M, Mg
and M, are the average, equilibrium and initial moisture contents (kg/kg d.b.)
at time t, respectively. Since the only top surface of the banana foam mats were
exposed to hot air, the length, L, in equation (1) is the thickness of the slab.
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In the method of slopes, the calculation was based on the ratio of the
slopes of the experimental drying curve (dMR/dt)e., to the slopes of the
theoretical curve (dMR/dFo)y, at the same moisture content. The effective
moisture diffusivity at a given moisture was estimated from the following
equation:

Detr = [(AMR/dt)y, / (AMR/dFo0),] L? )
where Fo is the Fourier number, Fo = Dt/L?

During drying, the volume of banana foam mats changed. Although
the analytical solution was considered with an assumption that the volume is
constant, the solution can incorporate the effect of shrinkage as recommended
by Crank (1975) and Gekas and Lamberg (1991). To incorporate the effect of
shrinkage, the following equation was applied:

. 2/n
Initialolumle
Dref: Deff - (3)
Actuablume

where D, is the diffusivity included shrinkage, n is the number of the
directions of volume change taken as 1 for one-dimensional volume change.

Quality determination

Shrinkage

Four banana foam mats taken at different drying time were used for
volume determination. The volume was determined by the volumetric
displacement method using glass beads with a diameter in the range of 0.106-
0.212 mm as a replacement medium (Hwang & Hayakawa, 1980). In each
measurement, one piece was used. Four measurements were carried out at
different drying time. The mean values of four samples were reported.

The volume ratio was used to describe the shrinkage using the equation
as follows:

Volumetric Shrinkage = V/V, (4)

where V is the volume of the sample after drying (m’) and V, is the initial
volume of the sample before drying (m’).

248



Texture analysis

The compressive test was used to evaluate the texture of dried banana
using a texture analyzer model TA-XT2i (Stable Micro Systems Ltd., USA).
The sample was placed on the hollow planar base. The test applied a direct
force to the sample using a 5 mm spherical probe at a constant rate of 2 mm/s.
The hardness and the crispness are defined as a maximum force and number of
peaks, respectively. Eight samples were tested and average values of hardness
and crispness were reported.

Microstructure

SEM (JEOL JSM-5600LV, Tokyo, Japan) was used to study the dried
banana foam mat structure. The dried banana foam mats were cut with a blade
and then glued on the metal stubs and coated with gold. SEM micrographs
were taken at an accelerating voltage of 10 kV and a magnification of 35X.

Statistical analysis

The data were analyzed using the analysis of variance (ANOVA). The
Duncan’s test was used to establish the multiple comparisons of mean values.
Mean values were considered at 95% significant level (p<0.05).

RESULTS AND DISCUSSIONS

Foam density

During the whipping process, air is brought into the liquid and it will
be encapsulated into bubbles by the liquid. This made the decreased of foam
density as the whipping time increased. From Figure 1, it is shown that the
banana puree is foamed to densities of 0.7, 0.5 and 0.3 g/ml after 5, 9 and 20
min of whipping, respectively. Beyond 20 min of whipping, the foam density
increases rapidly. This is caused by the collapse of some foams. Too long of
mixing encourages the heat accumulation inside the banana foam which results
in decrease in the viscosity of foam and the subsequent high surface tension. In
this circumstance, foams are unstable (Cherry & Mcwatters, 1981).
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Figure 1. Foam density as a function of whipping time
(Fresh egg albumin, EA, concentration of 5%)

The pattern of the banana foam density curves during whipping is
similar to other foods which are high in viscosity such as tomato paste foam.
Labelle (1966) reported that tomato paste with 1% of myverol used as foaming
agent was foam to minimum density after 4 min of whipping. The increase in
foam density as whipping was noted beyond 4 min. For the foods with low
viscosity such as apple and orange juices, the foam density decreased during
the whole whipping process (Hart et al., 1963). This is caused by the
controlling of the whipping temperature. Low viscosity foods should be
whipped at the lowest temperature at which these foods are sufficiently fluid
therefore heat could not be accumulated inside these foams. Foams are still
stable.
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Figure 2. Drying curves (a-c) and drying rates (d-f) of banana foam mats at
different initial foam densities and drying temperatures
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The drying rate profiles (Figure 2 (d-f)) show the presence of a heat up
period at the early stage of drying (I) followed by the falling rate drying period.
Two falling rate drying periods were observed according to the change in the
drying curve. First falling rate drying period (II) occurred between the moisture
content of 0.35-2.6 kgH,O/kgDM. Below 0.35 kgH,O/kgDM, the drying rate
was in the second falling rate drying period (III).

As shown in Figure 2 (d-f), the low foam density results in higher
drying rate. This is due to the characteristics of porous structure which was
produced at low foam density. This can be seen in Figure 6. In addition, the
large bubbles can also retain their open structure during drying. The results
corresponded to the images from scanning electron microscope (SEM) which
show large voids for banana foam mats dried at low foam density. The large
voids of banana foam mats facilitated the transfer of moisture inside the
samples, resulting in enhancing the drying rate.

The drying rate of banana foam mats was higher when dried at higher
drying temperature due to the higher moisture diffusivity as shown in Figure 3
(a-b). When the temperature rose from 60°C to 80°C, the drying time decreased
by 60, 150 and 270 min for 0.3, 0.5 and 0.7 g/ml foam density, respectively.

Moisture diffusivity

The water in the porous banana foam mats migrates in forms of liquid
and gas. However, the water transfer in the gaseous phase by vapor diffusion
would predominate. Therefore, the effective moisture diffusivity increased
with decreasing moisture content as shown in Figure 3 (a-b). This observation
was similar to the drying of porous sponge cakes Roca (2006).

As shown in Figure 3, the effective moisture diffusivity of banana

foam mats were higher when the drying temperature increased and the foam
density decreased.
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Shrinkage
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In typical foods, once the moisture remove from porous sample
through the pores, the capillary pressure is occurred that cause its deformation
and shrinkage. The capillary pressure grows with decreasing moisture content
(Sadoc & Rivier, 1999). This led to the sample volume decrease as the
moisture content decrease as shown in Figure 4. Moreover, the pore size has an
effect on the capillary pressure, high capillary force for the narrower pores. For
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higher foam density, the narrow pores were obtained that the shrinkage is
caused by the capillary pressure. At lower foam density, the large pores were
produced that yield lower capillary force and smaller effect on the shrinkage.
However, the higher rate of shrinkage at lower foam density was found since
the weaker strength of very high porous materials, might not prevent the
collapse of sample structure during dehydration.

The shrinkage was not different at the foam density of 0.5 and 0.7 g/ml.
Moreover, the drying temperatures have no significant effect on shrinkage
under the same foam density.

1.2
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Moisture ratio
Figure 4. Volume shrinkage of banana foam mats at different initial foam
densities and drying temperatures

As shown in Figure 4, shrinkage of banana foam mats was decreased
in a linear form with moisture ratio, this indicated that the changes in volume
were proportional to the changes in moisture content. Thus, the volume ratio
can be expressed by:

V/Vo = a+bM/M0 (5)

The values of parameters a and b were obtained for each foam density by
linear regression, and are given in Table 1.
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Table 1. The values of a and b for various foam densities

p=03g/m p,=05g/m p=07g/m

a b R? a b R? a b R?
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Figure 5. (a) Hardness and (b) Crispness of dried banana foam mats at different
initial foam densities and drying temperatures

The texture of banana foam mats were evaluated by a compressive test.
The maximum force of a rupture test was used to describe the hardness and the
number of peaks of the force/ deformation curve was used to describe the
crispness. The results are shown in Figure 5. It was found that the initial foam
density significantly affected the hardness and the crispness of dried banana
foam mats while the drying temperature did not influence on the hardness and
the crispness. The lower initial foam density and the larger voids led to less
dense structure. Both factors provided less hardness and crisper when
compared to dried banana foam mats at high initial foam density.

SEM micrographs

SEM micrographs of banana foam mats containing 5% of egg albumin
when dried at various densities and drying temperatures are shown in Figure 6.
This figure shows that the decrease in foam density gave the larger voids. The
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structure became less dense. However, the porous structure was no difference
amongst the sample dried at high and low temperature.

It can also be seen from this figure that there is a wide range of pore
sizes inside the samples. For samples dried at a foam density of 0.3 g/ml, the
smallest diameter of pore is about 10 um while the diameter of the biggest pore
is about 450 um. However, there are no large voids with diameters above
400 pm inside the samples dried at higher foam density.

Figure 6. Sc(actzning electron micrographs of dried bar(lg)na foam mats.
(a) Initial foam density 0.3 g/ml, drying temperature 60 °C
(b) Initial foam density 0.5 g/ml, drying temperature 60 °C
(c) Initial foam density 0.3 g/ml, drying temperature 80 °C
(d) Initial foam density 0.5 g/ml, drying temperature 80 °C
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CONCLUSIONS

Ripe banana was foamed to densities of 0.3, 0.5 and 0.7 g/ml by
adding 5% fresh egg albumin as foaming agent. The lower foam density
resulted in the larger voids and less dense structure of dried banana foam mat
as manifested by scanning electron microscope. This microstructure facilitated
the transport of moisture and yielded higher moisture diffusivity with the
decrese in moisture content. It also provided the crispy product as
characterized by less hardness and small number of peak. The sample was
more shrunk at lower foam density of 0.5 g/ml, beyond which the shrinkage of
sample was insignificantly different. The drying temperature had no significant
effect on textural properties, morphology and shrinkage, except for drying
characteristics which showed higher drying rate at higher temperature.
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Effect of Pretreatment on Drying Kinetics and Quality of Banana Slices

unnsal wanela' @uiesh Ustgasing’ angdl e’ ananh lanusugns’

Napaporn PIytho1, Somkiat Prachayawarakorn2 , Warunee Tia® and Somchart Soponronnarit4

ABSTRACT

Banana when exposed to the air is very sensitive to the enzymatic browning reaction. This browning can
be limited by physical or chemical treatments. The objective of this research is to study the effect of
pretreatment methods i.e. blanching, dipping in sodium metabisulfite solution and ascorbic solution, on drying
kinetics and quality attributes of dried banana slices. Cavendish with a mature ripe stage of 5 containing 20-
25%brix was peeled and sliced into approximately 3 mm thickness with the initial moisture content, before
pretreatment, 250-300 %d.b. The treated banana samples were dried to the final moisture content was 4 %d.b.
using the temperatures of 110 — 140°C. The experiment revealed that the sulfite treated slices dried at lower
temperature of 120°C had the lowest drying rate, as compared to the other treatments. At elevated temperature,
on the contrary, drying rate of the blanched slices became lowest. Crust formation resulted in relatively less
shrinkage of banana slices dried at high temperature than that dried at the low temperature. The blanched sample
after drying was the thinnest size. The pretreatment and drying temperature were insignificantly affected on the
hardness and number of peaks (p<0.05). To avoid the brown pigment formation, two-stage drying, high drying
temperature at the first stage followed with low temperature drying, should be applied.

Key words: Banana slices, Enzymatic browning reaction, Pretreatment, Quality
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temperature °c) Pretreatment L- value a - value b - value
Untreated 47.0£2.0" 13.4+0.4° | 29.7+0.7°

110 Sufte 50.7+1 .0: 13.810.536 31 .310.6‘h
Ascorbic acid 51.0+1.3 12.840.4 30.6+0.6

Blanched 45.8+2.1° 16.9+0.7' 29.420.5°

Untreated 415415 13.6£0.4° | 28.9+0.67
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Puffing of banana using combined techniques of hot air and superheated steam
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Abstract

The purpose of this research was to investigate the effect of puffing process. In the puffing process, the
banana was dried with three drying steps, i.e., hot air drying (HA) in the first stage followed by puffing with
superheated steam (SSP) and dried again with hot air in the last stage. The influences of puffing temperature,

puffing time and moisture content of banana before puffing on drying kinetics and product qualities in terms of
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color, shrinkage and texture were evaluated. The results have shown that at the high puffing temperature and
long puffing time caused high value of redness (a) and low value of lightness (L) and yellowness (b). The
puffing process resulted in lower shrinkage, lower hardness, higher crispiness and shorter drying time as
compared with the hot air drying alone. The optimal conditions for the products were the steam temperatures
of 170 and 180°C and puffing time not longer than 2 min.

Keywords

Banana/ Browning reaction/ Shrinkage/ Texture/ Superheated steam/ Color
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3. 11MTIAAINNAL (Pressure gauge)
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7. 898U (Drying chamber)
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Effect of drying temperature on volatile compounds

and physical qualities on banana slice
A1999904 NAGAY ", ANNesR UiTey1ens, anans lannssunns’

'anugAranssuatans u.maluladnszanuind1sui]s 126 n.1sa197id U9NA Y9AZ NIINNY 10140
“Anzndsnudaunfenuazian wnatulagnszaamin@suis 126 0.4Usv1197A L9NA Y9AT NN 10140
(E-mail: jaruwan_kun@yahoo.com*;somkiat.pra@kmutt.ac.th,somchat.sop@kmutt.ac.th)
*Corresponding Author
uNAnga

v

P @ A a o ¥ a = yya ° @ o I & o
ﬂ@'JElLﬂuN@VLNWNNWﬂLﬂuﬂqr]llﬁ]@\'iﬂqﬁ“’ll@\'iEuitﬂﬂ@\?iﬂﬂﬂqiuqﬂqLLﬂﬁ‘gﬂLﬂuﬂ@'JEl@ULLNuLW@ﬂm@qﬂqﬂqTLﬂUiﬂHq

v
a o Ak o ] 9o

o :// =2 a v cﬂld a Qr ' d” 4d|
mu‘lummwummmmﬂmmmmqmmmumeummuﬂa‘mmﬁmﬂl,wa‘ﬂfmmu nnsilasullasifaunn

ansdsznauiszmedng 1Hun ethyl acetate, butyl acetate uaz isoamyl acetate LATAMNINIBINAILUNUNIIFAY

nsuasa @ uazileduda Tnalinfosvennasszazan 5 WMaNE919W0 3 HaAAs MnsauuisiicaaniAsan

'
al

Pguund 70, 80, 90 uwar 100°C  ANNNINAABINLINNE YU RNILLTNEY uarANTUgIAs TiAN

q L]

' £ v
aa

Auilse@nBnisunsanuduilss@ninage An1sussiniias nseuninuazanwistionas anueARAtaadindg
o o . A qy a o < ~

AnFuLfsunne isoamyl acetate @mmmmu’ah@qmuqmmmuLm\‘i@;wu Tuouen ethyl acetate Qe butyl acetate
anadiios snungouunil 100°C butyl acetate HANWNIWANADWENEL

ANRIATY

nanenas / ANUsTANaN1sunIANNTULIZ AN T NS / &19152naUNTTMEdNE / NNTBLILIY

Abstract

Drying is a classical method of food preservation, which provides an extension of shelf life. The influence of
drying temperatures on the moisture diffusivity, volatile compounds (ethyl acetate, butyl acetate and isoamyl
acetate) and the qualities of dried banana slices in terms of shrinkage, color and texture was studied. The
banana with a mature ripe stage of 5 was sliced into 3 mm thickness and dried at four temperatures of 70, 80,
90 and 100°C. The experimental results have shown that the drying temperatures affected the moisture
diffusivity and qualities of the final product. Drying at higher temperature and high moisture content resulted in
high effective moisture diffusivity. In addition, the samples dried at high temperature had less shrinkage, less
hardness and more crispness than those dried at low temperature. However, the high temperature caused the
darker-brown product. Isoamyl acetate strongly decreased with increased temperature while both ethyl
acetate and butyl acetate were decreased, except at 100°C at which the amount of butyl acetate showed the
increase significant trend as compared to the value before drying.

Keywords

Banana / effective moisture diffusivity / volatile compounds / drying
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aslugaaULA WA 20 ml ‘ﬁﬁmm‘zm& internal standard ‘ﬁlﬂizn‘ﬂﬂﬂﬁm caproic acid ethyl ester 0.2 pl Tu
methanol 0.1% (v/v) daun&nauduauuiiald 2 g ualiaziden LANTLTANAY 8 mi ldasluaanuiaTinasazant
internal standard mm‘fuﬂmﬁfm silicone Teflon-lined septum 1 dneee  SPME ﬁm'?v'm_lgmillﬁuslﬂ
Carboxen/PDMS 85ul 1anzasuu septum liiagwilasmatinanaufnauvieusdingn (magnetic bar) 30 w1 s

nsgeduansaniiu i lidadinAses GC
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NN59LASIERUNANTUSENAaLNTEL NN
Gas chromatographic(GC) Nlilunnsdiasziiazld FID Wuhmewas douasdininlfiiu CP-SiI5CB wwasuos

o

vudanuaLilaizaeaniaunn 30m x 0.25 mm id., U1 0.25 pm laansaeduanssenauiszivednaNaady

al

a

agul SPME Viufifnanisianzasun injector port MRguugd 250°C 1luiwan 5 wii lunisuanuuy splitiess
mode grunRnenedaniinldedin 35°C unan 5 Wi aniuisduauiguugi 120°C faednsn 3°C/min waz
WNTUBNAuRgMnH 180°C Aoeidnsn 20°C/min dounmanaiazlinmugil 280°C uianldlunisniAedidenay

1F8m37 1 mi/min A nsisAzadazsstunaaandiuia unliuFaunsusunaninsgiudflugnsle
a9

a o
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al

£ 1
@ o oAl a

3
wWasuwlasdnadiuannmy  (MR) Aunateuuiisluainases semi log BnvSEInuaNguunigeainisnan

q al

' a

ANTUIaenAsutulAITandInIsaLuiang ATt 19899 M HEnd e N ASewTLN Ade e
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a v o

Tunsain lgungRigelunisauuiediFngendnatin lgungan AsiudnaniscngmasniauasiaAigandi i

al
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WinnnusauanisaanemanainiAsaullaanansutinald lunissswmanin linanndn aannlinnsszmeinlunnsg

1 i v
= a

auuiaguu)iguinlulfizondinsszmetingungiian denaliisrazioanluniseuuisnasnisauuiianainie

a
a

Saungmuund 70 °C axldsrazinanlunisaunie1auIuneINITe UL Af8aINATaUN 80, 90 WAy 100°C

El al

ATNANAL
Drying time (sec)
1.00 \ \
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—— 70
—&— R0
—&— 90
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w
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§ 3.00 1{ °  70(D2.5)
Ten 4 80(D2.5)
g 250 4 0 90(D2.5)
= i 100(D2.5)
£2.00 - ® 70(D3.5)
= 80(D3.5)
§ 1.50 7!2. = 90(D3.5)
g ° 100(D3.5)
o 1.00 - %,

2

é 0.50 qn&

0.00 77%‘&;‘111;{ 2 a°
Drying time (sec)
0 5000 10000 15000 20000 25000

3 ! k2 1
gﬂﬁ 4 memﬂﬂﬁﬂuuﬂ@wmmm%uﬂiﬁwﬁﬁLéﬁumuﬂuﬂrﬂmq 2.5 LA 3.5 LIURLNAT (ﬂ"J’WQJLg"'J@N 1.3 m/s)

a

a1ngUit 4 wudnileasuaunaduriuguina1eann 3.5 184 2.5 wuiiues naasuulaadnsanauianis
= e ' &~ . Y o Ay o &y - y Ao s
wWasuulaslirsiuwansdianauinisuninisdiruiaiiisannn Aniuduinuaugnasaeanfosiiinnliay

al

Winsasuwlasdnsnisanmanndultunnmng

NIMANLIZANENITUNTUTZENTHA

WarIN1meaeInIIafarandtuiunLd i udunuauinasilinismasatis s nile e uiun1esiou
ARINUUIAIUAASIUANTNA 1 AsTunNsunwsAR T U aInAdtuliuluglaesdnlssAninisundisc@nsus
(Effective diffusion coefficient) @zﬁmimwgﬂmwmﬂﬁfmLLm'uﬁﬁﬂwmmﬂuuajuuuu%ﬂf”mqLmeqmn (infinite

slab) N3BNENANNTURAZNNINARIN AT WA AN AN ML N AN LRSI

TunsiNnN1InaannIINeendng In MR AU a0 fludunsauansindutssansnisunsaanuduldifludaidy
o d’/ dl dﬂl a
fuANTY Nl At a9ANNTUA NN TRa U IRt AT (Crank, 1975):

e MO-M, 8 &1 _@n+)’z*DY¢

——€X
M,-M, 75 Qn+1)’ P 417

(1)

e DY fapnduisyAnsnisunsanndulssanseaa (m%/s) MR AasRIEUAINTY M(t) M, uazM, (A
dl QI % % a £ o [ A v 1
wanlunanlae) auns uazBusiu (E198amaauie) INa1AL L Aspanminaeandasieii (m)

' £

Tunsainna e lidifludunse wanadndnsrdnsnisuns A NT i uie it uiuANTY  N1IAUITUNNAN

- ' ¥ v
o

Aulse@nsnsunanutsmnn A nNTwiuaz 193 5n19989ANTY (Karathanos et al, 1990) TIANUIANS AL

izmdwﬂ”mmmi@uLLﬁqm@w’mnmawmmLmzﬁ”mﬁmaQULLﬁquqwf] D4 ANNTULRLATL LARIAIANNTT (2)

D = [(aMR/dt),,_/ (AMR/dFo), 1% L° 2)

exp

1318 Fo Aa the Fourier number (Fo = D ¢1%) way MR Af 8R9491AnuTuaaandnsiwii

wagnng AmiuaNwngesuiniiungas (L) anfluaoumniasuudadlniuaaumu
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2.80E-09 —
—— 70(3.5)
2.40E-09 - = 80(3.5)
2.00E-09 —&— 90(3.5)
& 1.60E-09 —*— 100(3.5)
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%~ 1.20E-09 - —%—70(2.5)
a —— 50(2.5)
8.00E-10 |
—+— 90(2.5)
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A13197 1 LAMINATRINITTANIINARTRINAY LHUNAIN TR LUINL I N R8T N1 IUAR NN NLEHBNRNT

a = o

auuiefageInAseunguunin1geazldinanluniseuuisuiundinisauuiefiaeg g uasiinisuaso

1y = a PP g ¥ P o Py 2 o qya Py @ o A s
UBLAILND YNNG W\?HL‘L&‘G\TN’W’Wﬂﬂ@’JﬂLLNHVI@ULLM\U“I’]EISLWQGAMQN@]\W]’ﬂﬂLﬂﬂﬂ’]i"ﬂ‘]_lLL‘VI\W]?J‘Q@L?"J UIMNBLYNNI

' £

a A

HUazda8sNE

'
a a 1Y o = &

ga9nfaeusiuazsrmeliagnesonidainlitaneginsuanuiuazifianisudasaniia Genisudesion
anngunssuaziunsaesnfosuduldliidinisuasonin wenaintiainansei 1 ndauluiinisunsianiabiou
ANNUUININNINMNINAI WA BEWAUTN A1 HBIA NN INAIUAN NN NUN N9 EIMENINNI MR 1A URY

AudnaNdsszmesa lfannan

A19199 1 1afFuinIIuaa 189N A NAINITRLILTINIANUAUNIUALENAS (D) WATNINANUAIINUL (L)

Temperature(°C) %Shrinkage(D) %Shrinkage(L)
70 9.52+0.25 73.11%0.79
80 9.92+1.41 64.5612.04
90 10.72£1.19 64.3911.49
100 7.3210.45 56.17%0.24
NI1INAA[L ﬂmﬂ"l‘w%’]ua

a

AMFUNNTRULINN AU LENaIaINN1a LM ARUuAN 70, 80, 90 LaT100°C Wedunmdasnilalaswudni

q a

a =

fruuNH 90°C  ndnaululnasNuAaBuariAuaauaHARANaADLENLAIIUUNR 100°C FRLauLARANN

PP = P

gau-linuansaiugdndungaisnuseuqaAuinanaainfoaiiasainisnuidifEuiaiiniauinndn
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R

o o
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WU LAAIANI199 2 Teuananaredraandoauiundsnisauuii Tumanzessouls L, a uay b i dnetflungs

GREYED- ORANGE 163C dmiugnuugiinisauutien 100°C Tnaliiduimadinsinndnngomaniaidanalian

AL UAZ AN b NAAANUAZAT 2 NWNTY HeINIAINNNIDULINTIGUN) HEiuanEwaT 89y Hasdana 1

a aaa a a O’/ % ' k4 ndl a OI L2 v dl a A ¥
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ieandnfimny  uay GREYED-YELLOW 162C 4 m3uguungiinisauuiiaf 70 uaz 80 °C dau 90°C aglungu

GREYED-YELLOW 162B

A1599 2 RUDINAIELUNUNAINPRLUITIRUN RGNS

Temperature(°C) L-value a-value b-value
70 64.3411.49° 4.5510.73° 24.11%0.58°
80 63.1610.72° 4.5910.45° 24.8110.58
90 63.1111.44° 4.3910.48° 21.7810.97°
100 59.2741.70° 7.06+0.95° 23.3010.45°

a o

o PR o o oo o = | ] ' o o
‘V]N’]ﬁlL‘Viﬁl: @ﬂ‘ﬂ?z‘ﬂLﬁuﬂuﬂuﬂqﬁlﬁluﬂ@@NuLﬂEl']ﬂuﬂNqﬂﬂ\ivlﬂJNﬂ']qllLLﬁ]ﬂm’]\ﬂﬂﬂqQNuﬂ@q N 95%

nsnadaLANN NSt duLa

AN UHRANAATDIN A LUNUATANA1TUNAINAIANLDN (Hardness) Auauean (Number of peaks) 9

o '

AMUIULDA LATAIANNTUENAY (Initial slope) AZLEAINNAINNTIALTBIBINNT UINRANUIULBANINLATAINNTL

'
a v

BUAUNINALAANINNARA TN AINNTAUNIN L9angamfiAAINNTTL a8 ULl a9ANNT U AR NN AR TR

\ ) = A 9 \
da9919uza lnsaniAn g lunAeuinalmsuazuandg

A191990 3 ANLDN (Hardness) a1uaugan (Number of peaks) WazANANNTWENEY (Initial slope)

Temperature(’C) Hardness (N) Number of peaks Initial slope(N/mm)
70 N/A N/A N/A
80 74.03126.84° 18.00+6.00" 9.24+4.57°
90 41.31122.49° 18.00%4.00% 9.3919.87°
100 24.4914.09° 20.00£3.00° 9.231+5.35°

o

wnnewe): dnassiimileniunialupediiinaiunanedelilaouwnnsisanali 4 Aty 95%

N/A manada lidieyanismaans

RINANTITN 3 UAAIAIAINLEN AIUIULIBA UATAINTUENFUNAIN TR UL IWLg NN se LR LW TN

b

o  a

Tdfinasapanunsaulnadunaliainanuingen wazauduEusun lddanuuansisadadua a1 Aty 95% wad

al

nasandNuisTinguunigelidianuuistisandiguugiinn dauiguuugil 70°C Tdaunsomanliiiiesann

Q a
v

ANNNTUIBINAIELHUNINNTT 4%db
f15Usznaunssiviadng

lundaanendansdsenauinliinauaguinlagdauninanssznaufinufe ester, alcohols wax carbonyls lag

2
a o

an9ilsznaunssmsdnafaulanazitasnsimniednu3unasluanuideiiifluansdsznaunan ester  Usznaufas

Ethyl acetate, Butyl acetate La¥ Isoamyl acetate

A1ngU7 8 wanslpsunnunsuvesanstsznaufiszednereanfosanszazn1sgnd 3, 5 wax7 NuAIeisian GC

wuanliiAvesans Ethyl acetate, Butyl acetate Waz Isoamyl acetate N19an 4.38, 9.68 LAz 11.56 W7 AMNATAL
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v

Truszazniegn® 3 arliiiaresansdsznaunszimeadnatiaandt AnuiatioandnszaznsgnAivady lWeaxnan

v

§U319928EN194N metabolism wasnfasazilasulihilu catabolism warsatifazENfiAlL ANHITHNULE9E

n aslulawsm Wk warnsnazdly anunsainanszusunisiieulsifesdeaddsuldiflunauiszmaly &

nénasveyn 3 WnuNA2e9 Ethyl acetate, Butyl acetate WAL Isoamyl acetate Haandnluszash 7 95.7%,
215.83% WAE 87.75% ANNAAL

v 1 '

AINANINT 4 UAAEATIAIUNUNTATEINF e usunauNsaLUTsTEZANEN 3, 5 AT ANdayan1amaaesi

' v ¥ v o
v a o

lanansdandangnuinasinliddnsndauiuif afindu Malilieau1ainnszuaun1sn1e@adaiasnsi
(Biosynthesis) 189@15Usznauf linauainnsaaziili (amino acid) 1w valine UAZ leucine WAL P - oxidation ¥i38

IHadNIANNIzLIUNNINNIaATAAT8INsA l1sTu (fatty acid) $21319n194N (Boudhrioua et al., 2003)
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A15199 4 LAAISRI UL NATaINAILLNaUNIaLLINTITEEZANEN 3, 5 UALT

Relative amounts of volatile compound

‘Ji?.lﬁﬂ’l’]m@ﬂ‘ll’ﬂ\iﬂﬁ’lil

Ethyl acetate Butyl acetate Isoamyl acetate
3 0.001342794 0.000111199 0.002495957
5 0.001649759 0.000257042 0.003679016
7 0.00262781 0.0003512 0.004686142

. & A a ' Y A A
WHNLLNR: Relative amount = NUNNALRIANTUTZNALNTZNBIIEUNIAINUNNA internal standard

AINENINN 5 wassERsduiuNiArendotutuszeznIsgn 5 WAINIIeUUNgUURA1] WudnLENnu

a

anssznauiszmedanaulainisulasuilasanaeuiuiiulag isoamyl acetate anasnn Waldanmniinig

al

' ¥
a

aUUTNgTU Tuanue? ethyl acetate UaY butyl acetate anasiiag eniunanmnil 100°C butyl acetate HANRNTY

ANNADUENAL

AN5991 5 UANNERIAUNUNNATEINAREUHUMAIN 198 LU UMY A1

Relative amounts of volatile compound

Temperature(’C)

Ethyl acetate Butyl acetate Isoamyl acetate
fi'uﬁu 0.00360577 0.002317863 0.005812659
70 0.000763707 0.000189947 0.001343842
80 0.000528651 0.000241016 0.000528651
90 0.001856319 0.001187114 1.39281E-09
100 0.002484862 0.003931573 2.64993E-09

] & A a ' Y A A
UNEILIAR: Relative amount = NuUNNARIANTUIENALNTZREIIEUN AN UNNA internal standard

G
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q a
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vy A
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q U

[
a v °
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Abstract

The diffusion model including shrinkage has been developed for predicting the change of moisture content in
banana foam mats during drying. The moving boundary using variable grid and the immobilizing boundary
using an alternative frame of reference were used in exploring their capabilities to predict the moisture change.
The moisture content of banana foam mats at three foam densities of 0.3, 0.5 and 0.7 g/ml dried at three
temperatures of 60, 70 and 80°C and at a superficial air velocity of 0.5 m/s were monitored and validated with
the proposed models. The qualities of the final product i.e. texture and microstructure were also investigated.

The moving boundary method can predict the average moisture content more accurate than the immobilizing
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boundary method especially in the case of low density banana foam. The quality determinations have shown
that the foam density significantly affected hardness, crispness and morphology of dried banana foam whilst
the drying temperature did not influence on those qualities.
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ABSTRACT

The drying time for banana slices is very long, which causes its unfavorable changes in color and texture. To
facilitate the transfer of moisture, banana was foamed before drying. This process was investigated to produce the
crisp banana chip with high quality. The influences of foam densities and drying temperatures on drying rate and
qualities of the final product i.e. shrinkage, texture and microstructure were studied in this work. The banana puree
with 5% of egg albumin used as foaming agent was foamed to the densities of 0.3, 0.5 and 0.7 g/ml. 5 mm
thickness, banana foam mats were dried to about 3% (dry basis) at three temperatures of 60, 70 and 80°C and at a
superficial air velocity of 0.5 m/s. The experimental results have shown that the drying rate of banana foam mats
were higher when the samples were dried at lower foam density and higher drying temperature. The morphologies of
banana foam mats were not different amongst the samples dried at high and low temperature. Considering shrinkage
of banana foam mats, the samples at low foam density were more shrunk than those at higher foam density, probably
due to foam collapse. However, the temperatures had no significant effect on shrinkage. Additionally, compressive
tests showed that the initial foam density significantly affected the hardness and the crispness of dried banana foam
mats while the drying temperature had no influence on the hardness and the crispness.

Keywords: Banana / Egg Albumin / Foam-mat drying / SEM / Shrinkage
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Abstract

The drying time for banana slices is very long that causes its unfavorable changes in color and texture. To
facilitate the transfer of moisture, banana was foamed before drying. This process was investigated to produce the
crisp banana chip with high quality. The influences of foam densities and drying temperatures on drying rate and
qualities of the final product i.e. shrinkage, texture and microstructure were studied in this work. The banana puree
with 5% of egg albumin used as foaming agent was foamed to the densities of 0.3, 0.5 and 0.7 g/ml. 5 mm thick
banana foam mats were dried to about 3% (dry basis) at three temperatures of 60, 70 and 80°C and at a
superficial air velocity of 0.5 m/s. The experimental results have shown that the drying rate of banana foam mats
were higher when the samples were dried at lower foam density and higher drying temperature. The morphologies
of banana foam mats were not different amongst the samples dried at high and low temperature. Considering
shrinkage of banana foam mats, the samples at low foam density were more shrunk than those at higher foam
density, probably due to foam collapse. However, the temperatures have no significant effect on shrinkage.
Additionally, compressive tests showed that the initial foam density significantly affected the hardness and the
crispness of dried banana foam mats while the drying temperature did not influence on the hardness and the
crispness.

KEYWORDS: Banana / Egg Albumin / Foam-mat drying / SEM / Shrinkage
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Figure 2 Drying curves (a-c) and drying rates (d-f) of banana foam mats at different initial foam densities

and drying temperatures
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Figure 3 Plot of INMR versus drying time for banana foam mats at different temperatures (foam density 0.3 g/ml)
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Figure 4 Moisture diffusivity of banana foam mats at different drying condition
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Table 1

The values of a and b for various foam densities

P, =03g/ml p, =0.5g/ml p, =0.7g/ml

2

a b R a b R’ a b R’

0.349 0.702 0.977 0.496 0.521 0.983 0.503 0.507 0.984
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Figure 6 (a) Hardness and (b) Crispness of dried banana foam mats at different initial foam densities
and drying temperatures
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Figure 7 Scanning electron micrographs of dried banana foam mats
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Optimization of the superheated steam puffing of banana
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ABSTRACT

The purpose of this research was to investigate the effects of superheated steam temperature and puffing time and
moisture content of banana before puffing on physical properties of banana slice i.e. shrinkage, texture and color. The banana
was dried with three drying steps, hot air drying at a temperature of 90°C and a velocity of 2 m/s in order to reduce moisture
contents to the range of 20-30% d.b. followed by puffing it with superheated steam at temperatures of 160, 170 and 180°C and
puffing time of 1, 2 and 3 minutes. After puffing step the samples were dried by hot air at the same conditions at the first step
until its final moisture content reduced to 3% d.b. The results showed that the high puffing temperature and long puffing time
caused high values of redness (a) and low values of both lightness (L) and yellowness (b). In addition, high puffing
temperature resulted in low shrinkage, low hardness and high crispiness. The optimal puffing conditions were at the
superheated steam temperatures of 180°C, puffing time of 1.4 min and moisture content of banana before puffing 26.16.
%d.b.
KEYWORDS: Banana/ Color/ Puffing/ Shrinkage / Superheated steam/ Texture
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Effect of drying techniques on volatile compounds and physical quality

attributes on less fat banana crisp
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ABSTRACT

A preliminary study of banana drying indicated that the drying temperature of 90°C was an appropriate condition for
producing banana slices with maintaining its color closed to cream color. However, its texture in particular hardness was very
high due to less porous structure. This work was extended from the previous work to study the different drying techniques in
order to produce porous structures of banana slices. The proposed drying methods were freeze drying (FD), vacuum far
infrared drying (Vacuum FIR) and multi-stage drying (HA/SSD/HA) where the banana slices were dried to 25%d.b. using hot
air followed by puffing them in superheated steam at 180°C for 2 minutes and dried again at the last step to obtain 4%d.b.
Four important quality parameters of banana slices i.e. color, texture, morphology and volatile compounds (Isoamyl acetate,
Isobutyl butanoate and butyl butyrate) were quantitatively determined. The experimental results showed that the banana slices,

which were dried by HA/SSD/HA, had larger voids and smaller shrinkage, resulting in a higher crisp product. However, these
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products were darker brown. Vacuum FIR drying yielded a lighter coloured product. The products dried by Vacuum FIR,
however, had smaller crispness than those dried by HA/SSD/HA. Whilst, the freeze-dried products were not crisp and their
color was pale. The volatile compound losses were higher when the samples dried by HA, HA/SSD/HA and Vacuum FIR
while freeze drying could maintain volatile compounds.

KEYWORDS : Banana Drying Crispy Volatile Compound
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ABSTRACT

The combination of foaming and drying is a feasible alternative to produce crisp banana chips because banana foams
are very porous. The objective of this work was therefore to study the effects of foam density, drying temperature and type of
foaming agent on the drying characteristics and the qualities of the final product in terms of shrinkage, texture and
microstructure. Banana puree was added with different foaming agents (egg albumen, soy protein isolate and whey protein
concentrate) and foamed to the densities in the range of 0.3-0.7 g/ml. Banana foam mats with a 5 mm thickness were dried to
the moisture content of 0.03 kg/kg db at 60, 70 and 80°C and a superficial air velocity of 0.5 m/s. The experimental results
showed that the extensive porous structure of foams produced at low densities yielded the larger voids, resulting in higher
drying rates and shrinkage. Considering the textural properties of banana foam mats, the samples with lower foam densities

had smaller hardness than those at higher foam densities. However, the crispness, which was characterized by the initial slope
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and number of peaks, was smaller. The hardness of samples when using egg albumen and whey protein concentrate as the
foaming agent was smaller as compared with that of samples when using soy protein isolate. The drying temperature had no
significant effect on the textural properties, morphology and shrinkage.

KEYWORDS : crispness drying foamed banana foaming agent shrinkage
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