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Basic data on thermal, dielectric, and infrared spectra properties of the lime concentration. The results show strong evidence that there is a
cooked tortillas were investigated with the aim of understanding the role marked concentration of lime at =0.2% above and below where there are
of lime, Ca(OH)2, that is incorporated during the alkaline cooking proc- different behavior patterns of the measured properties of tortilla. In
ess. The data are further supplemented by X-ray diffraction and texture particular, the results of the study of dielectric constants and thermal
measurements. The changes in the thermal diffusivities, as measured by diffusivity provide strong evidence for an enhancement of the starch
the photoacoustic technique, as well as changes in texture, X-ray patterns, crosslinking taking place at a lime content of =0.2 %.
dielectric, and infrared spectra properties are presented as a function of

In the last decade, the physical properties of food solids have
received increasing attention (Simatos and Karel 1988, Slade et al
1989, Roos and Karel 1991) not only because of their importance
to food processing and shelf life, but also due to the scientific
interest in the challenging structural and molecular transitions that
take place in these biopolymers (Hollinger et al 1974, Donovan
1979). In general, food and biological solids are in an amorphous
metastable state that is very sensitive to changes in temperature
and moisture content such as those occurring in natural storage or
in cooking. Usually, the amorphous state results from rapid removal
of water by drying or freezing (Levine and Slade 1988, Alexander
and King 1985). The amorphous matrix may exist either as a very
viscous glass or as a more liquid-like "rubbery" amorphous structure.
The change from the glassy to the rubbery state occurs at a glass
transition temperature specific to each material. Like water
however, plasticizers can decrease the glass transition temper-
ature. The influence of the glass transitions of dried and frozen foods
on the chemical and physical changes during food processing and
storage have been reported by several authors (Herrington and
Brandfield 1984, Roos 1987). Above the glass transition tempera-
ture, molecular mobility is greatly increased and many amorphous
compounds crystallize. This crystallization may take place as either
temperature or moisture content is increased. For instance, amor-
phous lactose was reported to crystallize rapidly at room temper-
ature and =40% relative humidity (Saltmarch and Labuza 1980).

Among the various biopolymers the food industry deals with,
starch is undoubtedly one of the most important. As compared to
natural cellulosic systems, starch is readily accessible, and modifi-
cations to rheological properties can be achieved through simple
crosslinking reaction conditions. Furthermore, apart from its wide
use in the chemical industry at large (adhesives, edible films,
viscosity controller in oil drilling, paper thickener, etc.), baked
starch plays a major role in our daily diet. In some Latin
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American countries, the main source of starch intake is through
alkaline-cooked corn products (nixtamalized products) such as the
Mexican tortilla. Tortillas alone provide 70% of the calories and
half of the protein to the diet of some population in these countries.
In the United States, alkaline cooking is used in the production of
Mexican corn-based food products such as table tortillas, corn
chips, and taco shells.

The importance of lime, Ca(OH)2 , in the alkaline cooking of
corn has been investigated by several authors (Paredes-Lopez and
Saharoupulos 1982, Trejo-Gonzalez et al 1982, Robles et al 1986,
Gomez et al 1992). Still, the role the calcium plays in this process
is not entirely understood. However, some important aspects of
alkaline cooking are well known, and it is worthwhile mentioning
them here. Alkaline cooking and steeping of corn causes water
and calcium to be taken up by the grains. The alkaline solution
degrades and solubilizes the cell wall components, resulting in the
removal of pericarp and softening of the endosperm structure. A
small amount of amylose leaching occurs after the starch granules
swell, which contributes to the formation of a network of cellular
components. At pH values of 11 and higher, the amylose molecules
carry negative charge, allowing interaction with the calcium ions
(Trejo-Gonzalez et al 1982). According to Robles et al (1986), the
gelatinization of starch during alkaline cooking and steeping of
corn is inhibited by the amylose-calcium interaction. Amylose retro-
gradation occurring during corn steeping results in the recovery of
the native starch crystallinity (Gomez et al 1992).

Most of the studies on corn alkaline cooking have focused on
the changes in structural and rheological properties obtained from
X-ray diffraction, viscosity, and microscopic analysis. In a recent
article (Alvarado-Gil et al 1994), we reported on the photoacoustic
monitoring of tortilla processing conditions. In this article, we
report on the monitoring of the changes in the dielectric, thermal,
and infrared spectra properties of cooked tortillas as a function of
lime content. These data are further supplemented by crystallinity
and texture measurements aimed at understanding the changes
induced by lime content on these physical properties. In particular,
thermal diffusivity was studied using photoacoustic spectroscopy
(Vargas and Miranda 1988).

MATERIALS AND METHODS

Whole corn meal, water (65%, w/w, final concentration), and
different amounts of calcium hydroxide were mixed and used as
starting materials. The mixture was processed in a low-shear
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extruder with a barrel temperature of 650C and a screw speed of
35 rpm to produce fresh masa with the appropriate characteristics
for dehydration and milling to obtain instant dry masa flour. Instant
dry masa flour was rehydrated with 70% water to obtain fresh masa
at the appropriate consistency to make tortillas. Tortillas were made
from 30 g of fresh masa shaped into discs that were a10 cm in
diameter and 0.2 cm thick. The masa discs were baked on a hot
plate at =2900C for 30 sec on one side, followed by baking for 40
sec on the opposite side, then the discs were turned again until
puffing occurred. The cooking time was defined as the total time
needed to observe puffing. The measured cooking time as a function
of calcium hydroxide concentration is shown in Table I. The thermal
diffusivity was measured in small pieces of tortilla (=300 jim
thick) that were rubbed with sandpaper to obtain samples with a
smooth and flat surface. The samples used for the diffusivity
measurements were previously dried overnight.

X-Ray Diffraction Analysis
The X-ray powder diffraction was also performed in dried sam-

ples. Tortillas were ground to a fine powder to pass through a
screen with 150-pm openings. The samples in powder form were
densely packed in an Al frame. X-ray diffraction patterns of sam-
ples were recorded on a Siemens D500 diffractometer operating at
35 kV, 15 mA with Cu Ku radiation wavelength X = 1.5406 A.
Diffractograms were obtained from 4-30O on a 20 scale with a step
size of 0.05°. Data are reported as interplanar d-spacing values
expressed in A. The crystallinity (%) was calculated by normalizing
the integrated diffracted intensity over the measured 20 range to
the integrated noncoherent intensity. The noncoherent intensity
was obtained by subtracting the sharp diffraction peaks from the
total diffraction pattern using the software Diffract/AT from
Socobin VI.2. Measurements in each sample were performed in
duplicate. The numerical values of crystallinity (%) are shown in
Table I.

TABLE I
Effects of Lime Concentration on Thermal, Structural, and Rheological

Properties of Cooked Tortillas

Lime Content (%)

Physical Parameter 0.0 0.1 0.2 0.25 0.3 0.5

Thermal diffusivitya 2.75 2.94 3.31 2.77 1.67 1.27
Cooking time (sec) 83 76 74 73 75 74
Crystallinity (%) 9.62 10.78 10.99 10.66 9.90 9.66
Firmness (kgf) 7.93 5.73 4.10 4.0 3.17 7.19

a (x10-2 cm2 /sec) ±0.3%.

TABLE II
Values of the Fitted Parametersa for the Infrared Absortion Coefficients

Absortion Bands (cm) P. AP X. AX
2,925 159.25 38.38 0.1899 0.0042
3,350 156.63 27.37 0.1765 0.0061
1,458 111.09 18.83 0.1682 0.0066
710 118.50 27.82 0.1639 0.0136

a X = crystallinity ,B = absorption coefficient.

TABLE III
Dielectric Permitivity and Conductivity Recorded at 10.2 kHz

Lime Content (%) Dielectric Constant Conductivitya

0.0 35.95 2.43
0.10 30.38 1.96
0.15 65.01 5.51
0.20 74.03 6.21
0.25 55.55 4.54
0.30 62.29 4.71
0.50 58.15 4.24
a (Q cm)-i X 107

Texture Analysis
Tortilla samples roughly 0.3 cm thick and =3.7 cm in diameter

were used for the texture analysis. The tortillas firmness or texture
as a function of Ca(OH)2 concentration was measured using the
Universal Texture Analyzer (Texture Technologies Corp., Scars-
dale, NY) equipped with a TA-54 spherical-ended probe 4 mm in
diameter. The head speed was run at 2 mm/sec. Firmness (breaking
force) of tortillas is defined as the force (in kgf) required to stretch
and finally break out the tortilla. The values reported for texture
shown in Table I are the average values obtained from three
independent measurements at room temperature.

Infrared Spectroscopy
The infrared transmission spectra between 400 and 4,000 cm-1

were obtained using a 750 Magna-IR Nicolet spectrometer. Tor-
tilla samples with different lime contents were ground to pass
through a 50-,um mesh. The resulting powder was molded in the
shape of discs 0.4 cm in diameter and =35 jim thick, to get
samples with appropriate dimensions for the measurements. In
these measurements, care was taken to subtract the background in
each experimental run, after draining the system with dry air. In
Table II, we summarize the results for the absorption coefficient
for some selected infrared (IR) absorption bands as obtained from
the IR transmission spectra using Beer's law.

Dielectric Properties Measurements
The dielectric measurements were made using a Schlumberger

model S11260 Impedance/Gain-Phase Analyzer operating at 200
preprogrammed frequencies between 1 Hz and 1 MHz, with a
voltage amplitude of 3V. The samples used in the measurements
were discs 0.25 cm thick and =12 cm in diameter. The errors in
the dielectric constant values were <0.1% for frequencies above
100 kHz and =1% for frequencies below 10 kHz. Table III shows
the measured values of the dielectric permitivity and ac
conductivity as a function of lime concentration recorded at 10.2
kHz.

Thermal Diffusivity Measurements
The thermal diffusivity a can be accurately measured by the

photoacoustic (PA) technique (Vargas and Miranda 1988). The PA
measurements of the thermal diffusivity of polymers have been
reported by a number of authors (Merte et al 1983, Lachaine and
Poulet 1984, Torres-Filho et al 1989, Leite et al 1990). These
studies employed different versions of the PA technique. Of the
several PA techniques available for measuring thermal diffusivity,
we used the "open cell" method (Perondi and Miranda 1987, Var-
gas and Miranda 1988, Mansanares et al 1990, Marquezini et al
1991). It consists of mounting the sample directly onto a cylindri-
cal electric microphone and using the front air chamber of the
microphone itself in place of the usual gas chamber in conven-
tional photoacoustics. For the present case, samples are thermally
thick, i.e., sample thickness is greater than the thermal diffusion
length, p = (oC/2) 11/2, where f is the modulation frequency of the
incident light. Thermal diffusivity oc is obtained from the PA
signal data fitting from the coefficient a = (7t1 2/x) 112 in the
expression for the amplitude for the PA signal:

S=(A/f)exp(-aAlf) (1)

The constant A in the measured signal S, apart from geometric
parameters, includes factors such as the gas thermal properties,
light beam intensity, and room temperature. The PA thermal diffu-
sivity measuring set up shown in Figure 1 consisted of a 250W
halogen lamp with a polychromatic beam modulated using a
variable speed chopper (SR model 540) and later focused onto the
sample. The microphone output voltage was measured using a
lock-in amplifier (SR model 850). To make sure that the incoming
light beam was absorbed at the front sample surface, thereby gen-
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