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We report high-precision measurements of phase transitions in the starch—water system by using
for the first time adiabatic scanning calorimetry (ASC). Potato starch and nixtamalized corn flours
were studied by this technique as a function of the moisture content. We calculated the percentage
of gelatinized starch granules, as a function of the temperature, for both flours. For bi-phasic behavior
in potato starch, at intermediate water contents, we propose an explanation based on previous
hypotheses and on the experimental behavior as deduced from ASC measurements. ASC results
suggest, in the case of nixtamalized corn flour, that uniform moisture is present in corn starch granules
for all the considered moistures. A shift to higher temperatures of the peak temperature is observed
when comparing the cy(T) curves with the classical DSC endotherms as measured for this flour. For
both flours we estimated from the ASC results the melting temperatures of the starch granules, at
zero moisture content, by using Flory’s equation.
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INTRODUCTION For example, the large heating or cooling rates (up to 10 K/min)
present in many cases cause thermodynamic equilibrium

Thermal analysis techniques have gained prominence in food "
research mainly in the last two decades. Sensitive instrumenta-prOblemS because every system that undergoes a phase transition
has its own internal relaxation timd)( Also, because of the

tion developed for techniques such as thermal mechanical. : . D e
analysis (TMA), differential thermal analysis (DTA), and imposed constant scanning rate one runs into basic difficulties

differential scanning calorimetry (DSC) has allowed application at the first order transitions, as the latent heat of this transition
of thermal analysis, among other methods, to the study of heat-cannot be delivered (or extractgd) |nstantaneou§Iy and the peak
related phenomena in foods. In particular for the study of starch, [eMPerature of the heat capacig,(T)) lags behind the real

the most important carbohydrate source in human nutrition, these, ransition temperature. Rounding off and ssmearing out over a
techniques have been extensively used. finite temperature interval follows. These kinds of problems can

Phase transitions of starch are extremely important in food be avoided with the adiabatic scanning calorimetric (ASC)

processing. The melting and glass transition temperatures aregzttggénavxglwhﬁin:'ggnrgfnstOr;\t/\?:r (i);d:c:nqtifni;ivgl maK/ mlllg d
the most important parameters that characterize physical proper- P Y app

ties of starch polymers over a wide temperature ranpefiese to (or extractgd from) the sample. The main advantage of the
. ) i . ) . ASC method is that the temperature dependence of the enthalpy
transitions define and explain differences in physical properties

of starches and their behavior in food products. The most (H(T)) can be measured directly; so we can easily distinguish

common technique used in thermal analysis of starches is DSC,flr:(sjt-order (or.dlscontm;lous) pha_sg transitions from second-
which has given valuable information about the oreldisorder orl er (orAcSocr:ltlnuous) P ashe transmops. . ded
phenomena of starch granules in aqueous soluti®y)( This b nan ap;;]z?rﬁ;[us, I’t irlz]easuhnng system Is surroun 'eh
technique detects the heat flow changes associated with both y one or more shields which have the same temperature (wit

melting and glass transitions, and also provides the characteristicOllfferences less than 1 mK) in order to prevent any heat loss to

temperatures and enthalpies of the phase transitions (or from) the surroundings. Any heat exchange in the system
Despite the common use of DSC technique there ére Somebrings about a change in sample temperature, therefore each

drawbacks that can affect the accuracy of the obtained results.Sh'e'OI must be adjus_ted (by electronic control) to match this
temperature change in order to be sure that the heat exchange

- Add p Alfredo Cruz0 ( n @ with the environment is reduced to a tolerable magnitude (less
ress correspondence to Alfredo Cruz-Orea (e-mail orea@ ihan 0.5 mK). Scanning rates as small as a few mKdaan
fis.cinvestav.mx; phone- 52-5-747 38 00 ext. 6148; fax52-5-747 70 > ) 9 o
96) or Guido Pitsi (e-mail guido.pitsi@fys.kuleuven.ac.be; phena2- be achieved. Successful applications of ASC to the study of

(O)tl%}‘?ZléllZ&ﬁ%ﬁﬁéﬂéﬁiﬁf?ﬁé@-ca Centro de Investigacil phase transitions in liquid crystals, fullerens, and polymers have
Vi isica, vesti . . )
Estudios Avanzados del IPN, Av. IPN No. 2508, Col. San Pedro Zacatenco, P€€N reported in the literature; see for example J. Thoen et al.

A. P. 14-740, 07300 México DF, Mexico. (5), and G. Pitsi et al.4). For an extended review of the
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application of the ASC method we refer to the articles published kept, by the adiabatic conditions, negligibly small. Then, to obtain the
by J. Thoen (67). heat capacity of the sample it is necessary to medi& andCp. P

In this paper we report a study of phase transitions in the ¢an be obtained from the measurement of the dc voltage applied to the
starch—water system by using, for the first time, the ASC !(nown resistance of the_ heating coil'on. the sample holder. Thelrate
technique. We studied potato starch and nixtamalized corn flour, 'S Pt@ined by numerical differentiation of the record&d— t
which were investigated as a function of the moisture content. (temperature versus time) relationship with the sample holder thermistor

h | h ific h . previously calibrated) in close thermal contact with the sample. Values
For each sample we measured the specific heat as a function o f Ch (T) are obtained from separate calibration runs of the empty

temperature and derived the enthalpy changes occurring at thesample holder. From the, (T) curves (based on the relati@ = (9
phase transitions. From the enthalpy values we calculated theH/s T),) we obtained the respective enthalpy of the transition by
percentage of crystallinities melted in the starch granules as aintegrating them as a function of the temperatlirealso from these
function of the temperature. Differences and similarities in the curves we obtain the peak maximuri,X and melting T, (at the
order—disorder transitions, occurring during the heating of temperature where the transition is completed) temperatures. Samples
aqueous suspensions of starch granules, between the DSC angith the desired moisture content were placed in the sample holder
ASC measurements are discussed. The obtained parameteré?e") and_hermetlcalloy sealed.oThe ceI_I was _heated at a mean rate of
such as the characteristic temperatures and enthalpies of thg® MK/min from 40°C to 90 °C. To investigate a possible rate-

hase transitions. are compared with the literature values fordependent result some measurements were carried out at heating rates
P ! P around 22 mK/min. All the ASC experiments were made in duplicate

both type of flours and, in the case of nixtamalized corn flour, iy orger to verify reproducibility) and mean values are reported.

also with our DSC data. Finally, a theoretical treatment of the | the case of the nixtamalized corn samples, DSC endotherms were
data according to the Flory equatio8, @), which relates the  also recorded (for reasons of comparison) by using a Mettler Toledo
melting temperature of a polymer to the diluent’s concentration, DSC 821. Samples with the desired moisture content were prepared in

is carried out. aluminum pans and hermetically sealed. These pans were heated at a
rate of 10 K/min from 3C0°C to 120 °C. From the peak onset and peak
MATERIALS AND METHODS maximum temperatures were derived.

] ] ) ] ] We analyzed our data by using the well-known Flory equat&)n (
The nixtamalized corn flour (Used in the prOdUCthn of Mexican corn- This equaﬂon predicts the me|t|ng point temperatu‘fﬁ$f a semi-
based food products such as table tortillas, corn chips, etc.) was obtainedyrystalline polymer in the presence of a diluent under equilibrium

from the high-pressure nixtamalization process. In this process, white conditions:
dent corn hybrid is cooked in a metallic cylinder which has an external

heating jacket. Steam is injected into this jacket in order to reach 120 1 1 RV, )
°C inside of the cylinder, where the corn grain is continuously fed via T~ F’ = m(l& — Xuy) (2
a screw conveyor with constant rotational speed. One part of corn grain, m m utl

with 0.5% (w/w) of Ca(OH), and one part of water is alkali-cooked . . . . o
during 6.5 min (at 120C). After this cooking, the treated kemels are  WhereAHu is the change in enthalpy of fusion per repeating unit (in
naturally dried in approximately 1 h, and then ground in a hammer thiS case glucose)/Vy is the molar volume ratio of the repeating
mill. The resulting flour is sieved through a 2.0-mm-opening mesh Uit (glucose) in the chain and the diluent (wat&)s the gas constant,
screen and finally dried again at 12G during 4 s (flash drier). The  Tm'(K) is the melting point of the undiluted polymeTy, (K) is the

obtained nixtamalized corn flour has a particle size less than or equal Melting point of the diluent-polymer mixtur&; is the Flory interaction
to 250um and a pH of 7. parameter, and, is the volume fraction of the diluent. For calculations

The potato starch flour was purchased from Sigma-Aldrich (potato ©f the last parameter() the density of the water was taken as 1.0

starch hydrolyzed, catalog no. S4501). g/cm? and 15 glcrh f(_)r potato starchq). Taking into a_ccount_that
Both flours were stored in a dry-seal desiccator at room temperature St&rch constitutes a high percentage, around 75%, of nixtamalized corn

while awaiting thermal analysis. The initial moisture content of both ~flour composition (10), the same density as for potato starch is taken

flours was determined by drying to a constant weight in an oven at for this flour.

approximately 105C (10), obtaining moistures of 9.6# 0.20% and

10.89 + 0.17% for nixtamalized corn flour and potato starch, RESULTS AND DISCUSSION

respectively. Because of the very different types of samples used in this

Samples hydrated to 50, 54.82, 60, 70, 80, and 90% w/w and 50, . s . .
55, 60, 70, 80, 86, and 90% w/w moisture content for nixtamalized investigation we present our results and discussion for each of
them separately.

corn and potato starch flours, respectively, were obtained by adding
calculated amounts of distilled water (taking into account the initial ~ Potato Starch Results.From the ASC measurements for

moisture). potato starch at different moistures we showFigure 1 the
In the ASC technique, a measured heating power is continuously temperature dependence of their specific heat capacities as
applied to (or extracted from) the sample and sample holder. In the calculated from eq 1 and divided by the total mass of the mixture
dynamic modes the total heat capadlyis given by the following (water+ starch). The specific heat curves({T)) obtained show
equation (6): a more detailed behavior than the endothermic heat flow curves
) _ generally obtained from DSC measurements. In the higher
C=C,+C,=P/T=(P°+P)T 1) moisture range, above 60% (w/w) moisture, a single peak is
seen, and at intermediate moistures a separate shoulder is
whereC, andC, are the heat capacities of the sample and sample holder, developed as a function of the temperature. Determination of
respectively, and Ts the time derivative of the sample temperature the temperature dependence of the enthalpy for the process under
(T). The total h_eating pqwe? has been divided into two part$* is study requires the integration under @€T) curves. This can
the power applied electrically to the sample and sample holdeand  recent some  difficulty because the baseline may not be
represents leaks with an (adiabatic) shield surrounding the Samplehorizontal, and the peak is generally not symmetrical. An

holder. For cooling runB' has to be given a controlled negative value. 7. - .
Different modes can be obtained by keepiRgor T constant (5) accepted procedure for determining the baseline to integrate the

requiring particular settings for the electronic control of the temperature €ndotherms in DSC measurements is described by Lubg (

in order to maintain adiabatic conditions or a controlled heat transfer First, the baseline on each side of the peak is extrapolated across
between the sample holder and shielding. In our case it is sufficient to the peak. The linear portion of each side of the peak is then
consider the constant heating mode. For this dase P¢, andP' is extrapolated to intercept the extrapolated baseline on its
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Figure 1. ASC cy(T) curves, as calculated from eq 1 and divided by the
total mass of the mixture (water + starch), for potato starch at different
water contents (% wi/w), from top to bottom: 90, 80, 70, 60, 55, and 50.

Table 1. Thermal Parameters Measured by Using ASC for Potato
Starch Phase Transition at Different Water Contents

water AH (J/g) AH* (J/g)
content per gram of per gram of
(% wiw) To(°C) Tc (°C) total mixture dry potato starch

50 59.8+0.1 86.5+0.1 7501 15.01+£0.1
55 59.7+0.1 81.4+0.1 7300 16.2+0.0
60 60.0+0.2 77.9+02 6.6+0.1 16.6 +0.4
70 59.8+0.0 748+0.1 53+0.1 17.7+01
80 594+0.1 725+01 3400 170+0.1
86 59.9+0.1 714+01 24%01 17106
90 60.1+0.0 702+0.1 19+0.0 18.7+04
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Figure 2. Starch granule gelatinized as a function of the temperature for

potato starch at different moistures. From top to bottom the curves

correspond to water contents (% w/w) of 90 (=), 70 (-+—=+), 60 (--), 55

(-=-), and 50 (--). The dashed line at the top indicates the 100%

gelatinization of granules.

55

sponding to the highest moisture content agrees quite well with
those of earlier optical methods implemented to measure the
percentage of starch granule gelatinized during phase transitions
for the starch—water system in excess of watkt, (L7, 18).
For the other moisture contents there are no data available in
the literature. For the 50% moisture content potato starch sample
the percentage of crystallites melted at approximately’®9
will be discussed further on and will be compared with our
results given inFigure 2.

The order—disorder transitions that occur on heating an

respective side (i.e., right of peak extrapolated to intercept right aqueous suspension of starch granules have been extensively

baseline). The intersection poinf&(in the left side and in

investigated using DSC.0—22), and also by X-ray diffraction,

the right side) represent the initial and final temperature of the SAXS, WAXS 21, 23), NMR (25, 26), and DMTA @2, 24).

phase transition (sd&gure 1). The baseline for determination

In starch—water mixtures containing more than 60% water (w/

of the peak area is the line that starts at the deviation from the W), generally a single endotherm is observed in DSC measure-
left-hand baseline and terminates at the return of this line to ments. However, as the water content decreases;theight

the right-hand baseline. THg andT, values for each moisture
are given inTable 1. It can be seen that tfig values are around
59.7+ 0.4°C, for all the moisture contents, which agree with
the Ty values reported for potato starch at different water
contents (always in excess of water) obtained by DSC, DTA,
or optical methods12—14). T, values will be discussed further
on. We also derived th&H values per gram of dry starch, which
appear in the last column dfable 1 (designatedAH*), and

of the transition is progressively reduced with a concomitant
second high-temperature endothermic transition. The nature of
this bi-phasic transition is still not completely understo8y (
however several models have been proposed. Donoi2ah (
suggested that when an excess of water is present, all starch
crystallites melt cooperatively exhibiting a single endothermic
peak. This process is facilitated by the hydration/swelling of
the amorphous part of the granules and due to its coupling with

will compare these with the available literature values. For the starch crystallites. However, when the available water becomes

case of moisture contents above 70% we can compare with theinsufficient, and because of this coupling, the remaining
reported values for potato starch slurred in water, ranging from crystallites melt at a higher temperature. Evans and Haisman

16.7 to 18.8 J/g4, 15).
By using theH(T) values, for different moistures, we can

(27) proposed a different explanation for the origin of the bi-
phasic endothermic peaks at intermediate water content levels,

also define the percentage of starch granule gelatinization as asuggesting that granules with the least stable crystallites are

function of the temperature (16):

% granule gelatinizatiorr [(H(T) — H(Ty))/(AH)] x 100%
3)

responsible for the first endothermic peak as a result of the
absorption of water and thus reducing its availability for the
remaining ungelatinized granules. The latter would therefore
melt at higher temperatures giving rise to the second endotherm.
Biliaderis et al. ) suggested that the bi-phasic endothermic

The percentage of starch granule gelatinization, as definedprofile, at intermediate water content level, reflects melting,

in eq 3, is shown irFigure 2 as a function of temperature for

reorganization, annealing, and recrystallization taking place

the different moistures. We observe that for the highest moisture during DSC heating. They mention that at slow DSC heating

(90% w/w) the total melting of crystallites occurs around 71

rates (at about 8C/min), after the onset of the first endotherm

°C, whereas at the lowest moisture content (50% w/w) the total and due to the increased molecular mobility, there is an

melting of crystallites occurs around 8€. The curve corre-

opportunity for chain rearrangement taking place in the crys-



1338 J. Agric. Food Chem., Vol. 50, No. 6, 2002 Cruz-Orea et al.

tallites. Therefore, they suggest that at intermediate moisture of the water content (first column ifable 1) we obtain a linear
level this bi-phasic endotherm is a consequence of partial behavior whose extrapolated value to zero-water content equals
melting followed by recrystallization and final melting of 17.474 0.81 J/g (very near to th&H* mean value for the dry
crystallites. starch), indicating that the melting of crystallites in the granules
On the basis of the different hypotheses proposed to explainin this moisture range occurred in an almost free (not interacting)
the origin of this bi-phasic endotherm on one hand, and taking excess of water. The enthalpy of gelatinization reported for many
into account our ASC results where very slow rates (100 times native granular starches, as obtained by DSC, rarely refer to
slower than in typical DSC measurements) guarantee not only the moisture content of the sample when there is an excess of
a maximum of internal thermodynamic equilibrium but also a water except a few authors mention that “these enthalpies were
maximum of opportunity for chain arrangement, we propose obtained from starch slurried in excess of watel5), Evans
the following explanation for the obtained ASC results. First etal. 7) reported for potato starch in the high moisture content
we want to reiterate the following important standing point: range that the final gelatinization temperatur&s, start to
Evans and Haismar27) found that potato starch granules, in increase when the water content of the starch falls bellow 66%
equilibrium with an excess of water, have a water content of W/w. Because of the high accuracy of our A§{T) measure-
0.538 g water/g dry starch, corresponding to a volume fraction ments we observe clear differences among these temperatures
of 0.45. In our study all the investigated samples are in the Tc values, although the samples are in the concerned moisture
excess water range, i.e., with a volume fraction of water higher range (See thd. values reported iriTable 1 for moisture
than 0.45. Evans results were obtained at room temperature angontents higher than 66% w/w.). If we consider the samples
no significant change in the total absorption was observed onwith lower water contents (below 70% w/w), our data from
raising the temperature up to 8G. It is clear that the granules ~ Table 1 show that the final temperatufi rises far above the
will have the same water content (of 0.538 g water/g dry starch) one observed in a free excess of water. Because there is no
up to temperatures beloWy, where irreversible swelling occurs.  longer a sufficient amount of water available for all the granules
In our case, for all the samples with different moisturés, to absorb the amount of water necessary for the cooperative
occurs (as mentioned before) around®®? This suggests that  melting process to occur, it is clear that the melt of crystallites
the initial water content of the granules cannot increase more in the starch granules under these conditions will reach a point
than the equilibrium value, even if more water is added to the where all the free water has been absorbed, while a portion of
granules. The process of granule crystallites melting starts abovethe granules have still not been gelatinized. It can be seen from
To and is facilitated by the hydration/swelling of the amorphous Figure 2, for example, af = 71 °C (where gelatinization is
part of the granule and due to its coupling with the starch completed for the highest moisture content (90% wi/w)) that
crystallites. This coupling between the amorphous part, mainly for the samples characterized by moisture contents of 50, 55,
amylose, and the crystalline part, mainly amylopectin, is very 60, and 70% (w/w) the amount of nongelatinized granules rises,
important in the case of potato starch because in this case theespectively, from 50 to 30, 20, and about 10%. Those granules
coupling is stronger than that in the case of cereal star@®8s ( that are in the process of melting when the last amount of the
When the first crystallites in the granules begin to melt, in free water has been absorbed will try to absorb water from the
conditions of an excess of water, some of the constraints Ungelatinized granules (whose water content still amounts to
restricting the swelling of the granule are removed so they can 0.538 g water/g dry starch at this point). Consequently, the water
absorb some of the external amount of water, increasing their content of the ungelatinized granules will be reduced and the
water content and making it possible for the melting point of value ofTyp in these granules will be increased. As a result, one
the remaining crystallites in the granule to decre@®.(It is would expect to observe two types of melting: a relatively low
important to mention that for potato starch in a free excess of temperature cooperative melting peak and a higher temperature
water a swelling factor of about 40 (weight of swollen starch, melting peak, which reflects the progressively lower water
based on its dry weight; loss of soluble polysaccharides is content of the ungelatinized granules due to the repartitioning
considered) occurs when the temperature increases from apof the water. The latter process is expected to manifest a
proximately 58 to 67C (29). This almost unrestricted swelling ~ shoulder in the first peak moving to higher temperatures as the
at relative low temperature in potato starch allows the remaining water content is decreased Higure 1 we see how, at moistures
crystallites in the granules to melt, quickly making this process lower than 70%, the initial peak becomes sharper the more the
highly cooperative in this temperature range. The very rapid moisture content is decreasing, and simultaneously a shoulder
increment in the specific heat aboVg due to the melting of is developed in the, (T) curves during the phase transition.
crystallites as a consequence of this fast swelling can easily To prove that our ASC experimental results really confirm
been deduced from the datafiigure 1. As the temperature is  this conceptual picture for the bi-phasic behavior at intermediate
raised, other granules will start to melt, while, as long as free water content we prepared a sample with a 50% moisture
water is available outside of the granules, other granules melt.content. This sample was submitted to a first partial heating
So all the granules would be expected to gelatinize over a quite ASC-scan up to 68.6C (just where, at this water content, the
narrow temperature range: about 10 for the 90% water  shoulder starts). Afterward the sample was cooled (at a cooling
content sample. The magnitude of this temperature range reflectsate around 68 mK/min) to room temperature. Hereafter, a
the size of the crystallites and/or their stability in the starch second scan was started in order to complete the melt of the
granules in the considered sample. remaining crystallites. After a second complete cooling to room
Only in the range of 70 to 90% moisture (w/w) contents an temperature, a complete heating rescan was made in order to
almost symmetrical peak icy(T) is observed during the phase be sure that all crystallites were melted.Rigure 3 we show
transition (symmetrical at 90% and progressively less sym- the results of the three scans together with the corresponding
metrical at lower moistures). In this same rangeAl values result fromFigure 1. Itis clear that the first scan (solid line) in
per gram dry starch (last column irable 1) fluctuate around  which the melting of the crystallites startsTat shows the same
17.86+ 0.82 J/g. If we focus on thAH values (fourth column behavior as the one represented by the dotted line up to 68.6
in Table 1) in this moisture range and plot them as a function °C where the heating scan was interrupted (marked by a vertical
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ine), second: comp ete ASC scan ashe ine), an ina ASC scan was taken at 23 mK/min. Sample was potato starch with a moisture content
(baseline) for potato starch at 50% moisture. The dotted line of complete of 50%

ASC scan corresponds to the curve presented in Figure 1 for this water '
content. takes a few minutes to start our cooling scan, by which time

some crystallites will melt. As the enthalgy(T) is linearly

dashed line). The rescan of the remaining crystallites, after proportional to the percentage of starch granules gelatinized,
cooling to room temperature, starts only around@9and not  our result indicates that, in the second scan, 52% of granules
at To as before) reflecting the melting of the remaining were gelatinized. FrorRigure 2 the percentage of granules not
crystallites. Donovan1@) reported a similar experiment for  gelatinized at a temperature of about 83 (for the 50%
potato starch in an excess of water in which the initial heating moisture content) can be deduced, yielding a percentage of about
process is stopped at a temperature partially situated in thes494, which is very close to the measured value of 52%. Taking
endotherm. Afterward the sample was cooled quickly and the DSC thermogram presented by Donovag)(for potato
reheated at the original rate. He observed, in this second heatingstarch at 35% w/w water content (near the 31% w/w water
run, an endothermic maximum at a significantly higher tem- content as estimated for the crystallites melting from 69 to 88
perature than the one observed initially. Donovan neither °C in the second scan) and calculating the area under this
specified the initial water content nor the initial temperature of thermogram (in the same range of temperatures) we calculated
the second endotherm, although he observed a behavior similakhat this area corresponds approximately to half the total area
to that we obtained foc,(T). The peak that appears in ot (49%) for the involved moisture content, a value very close to
(T) results during the second scan seems to be due to the facthe 52% of gelatinized granules calculated from our second scan
that the moment the phase transition starts, at arountC69  in Figure 3. For the case of bi-phasic transition, Donovan
there occurs some temperature delay in reachingt(Btvalue mentioned, regarding the DSC endotherm, that in the heating
where the first heating was interrupted. This forces some process the water first hydrates the starch chains giving rise to
crystallites to melt at higher temperatures compared to those inthe first endotherm. Afterward, the water will be redistributed
the original scan (dotted line). The area delimited by the dashedithin the sample, and the final melting of crystallites occurs
vertical line, the dotted line, and the dashed line of the second at a water activity characteristic of a uniform distribution of
scan inFigure 3 is proportional to the percentage of these \ater within the sample. This comment also supports the idea
crystallites which were forced to melt at higher temperatures. that after the first peak in our,(T) curve the crystallites are

On the basis of a graph @ andT, versus the sample water  melting in an approximately uniform water environment, which
content for potato starch given by Evans et &7)( the in our case we estimated at 31% w/w water content for these
temperature at which the melting of crystallites in this second granules.
scan starts should correspond to a water content of about 0.45 In this way it is possible not only to support the proposed
g water/g dry starch (corresponding to 31% w/w water content), explanation about the bi-phasic behavior at intermediate water
which is not so far from the equilibrium water content in excess contents, but also to estimate the moisture content of the
of water (0.538 g water/g dry starch, corresponding to 35% w/w remaining crystallites melting after the absorption of the free
water content) but large enough to rise the melting temperatureexcess of water in the granules with some initial water content,
of the remaining crystallites by 8C aboveTy. In our results which in our case was at 50% w/w.
represented ifrigure 3, we see that the temperature at which Typical for DSC measurements is that the enthalpy of
the last crystallites melt in the second scan remains the sametransition and the form of the endotherms, for the statwhter
as that in the original total scan (dotted line), which means that system, vary with the heating rate at which the measurements
the moisture quantity for the ungelatinized granules in this were carried outZ, 20). In Figure 4 we show two different
second scan is still the same as the one in the total scan (dotted\SC c,(T) curves, corresponding to different heating rates, for
line); if not, theT; value would change. We also calculated the potato starch with 50% w/w water content. The solid and dashed
enthalpy change of both scans, and we obtained value sof 40%ine curves correspond to heating rates of 96 mK/min and 23
and 52%, respectively, for the first and second scans, of the mK/min, respectively (the last one is more than 4 times slower
enthalpy change arising in the original sample (dotted line). A than the first one and also about 500 times slower than the
small difference of 8% is probably due to the fact that when heating rates used in DSC measurements). Thealue, for
the heating process is stopped at 68%in the first scan, it the case of the slower heating rate, increases l&mpared
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Potato starch

AT AT 0=[RV.I(AH V)i(v,X,v,2)

Tm° =494 .46 £37.89 K
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Figure 5. The reciprocal of Tp, (K) plotted as a function of volume fraction of water, v, for potato starch. The solid line represents the best fit to eq 2.
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Figure 6. ASC cy(T) curves for nixtamalized corn flour, at different
moistures (% wiw), from top to bottom: 90, 80, 70, 60, 54.8, and 50.
These curves were obtained by following the same procedure as in the
case of potato starch.

Table 2. Thermal Parameters for Nixtamalized Corn Flour Obtained for
ASC and DSC for Different Water Contents

AH* (J/g)
water AH (Jlg) per gram of
content per gram of dry nixtamalized
(% wiw) To(°C) Tc (°C) total mixture corn flour
50 7404  950%0.1 21901 4401
55 66.5+0.5 90.9+13 168+0.1 3701
60 63.6+04  87.2+03 1.68+0.1 42+0.1
70 62.1+0.1 80.6+14 1.08+0.1 3603
80 60.75+0.7 78.6+1.0 08+0.1 3804
90 58.9+0.2 76.7+0.3 04+£0.0 44+00
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Figure 7. Starch granule gelatinized as a function of the temperature for
nixtamalized corn flour at different water contents. From top to bottom
the curves correspond to moistures of (% w/w) 90 (=), 70 (-+—-+), 60
(-+-), 54.8 (--), and 50 (-+). The dashed line at the top indicates the
complete gelatinization of granules.

changes in both cases were practically equal, although a 1.36%
difference was detected for the slower heating rate. We see, as
in the case of DSC measurements, that at lower heating rates
the peaks in oucy(T) curves are shifted to lower temperatures
even at these very low heating rates (about 100 and 20 mK/
min in ASC). This could be explained by considering that some
annealing process occurs in the starch during the measurement.
Annealing of starch is usually observed when starch—water
suspensions are maintained at temperatures slightly below the
starch gelatinization range. This fits to the idea of D. Sahai et
al. (3) reporting the disappearance of the DSC secondary

to the mean value of the faster heating rate. The initial peak is endotherms and the increase of the peak temperature in annealed
shifted 0.79°C to higher temperatures and decreased 24% in corn starch, at 50% hydration and annealed atG@or 48 h,
height (taking as reference the shoulder height in each curve)compared with endotherms obtained on an identical sample, at
compared to the mean value of the curve registered at 96 mK/the same moisture, but without annealing. Also, Krueger et al.

min. Moreover, comparing the shape of(T) curves, the

(30) reported about annealed corn starch sample8 foat 50

shoulder is less pronounced and the transition is broader in that°C with 50% of water content (w/w). They obtained in their
of the slower heating rate. It was calculated that the enthalpy DSC thermogram increments of’& and 1.5°C in Tp and the
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90 enthalpy of transition. IrFigure 5 we show the graph of the
inverse of T, as a function of the volume fraction of water.
The solid line represents the best fit of the experimental data
&4 = corresponding to eq 2. From this fitting we obtained the
following values: T0= 494,54+ 37.9 K, AH,= 10.9+ 2.5
kcal/mol, andX; = 0.514 0.03. The uppeT? value (259°C)
80 * agrees with the temperatures at which extensive thermal
decomposition of rice starch occurs (around 263 (2). Also
the uppeAH, value (13.4 kcal/mol) agrees with tiaéH, value
% reported by Donovan (13.5 kcal/mol) for potato start®)( For
the X; parameter Hollinger et al3() reported, in the case of
starch,X; = 0.5, which is very close to the value obtained by
L) us. Although the applicability of the Flory equation for starch
2 water systems has been questioned, the Flory plots showiing 1/
65 — . . — , againsty; can be used to compare differences between various
05 08 07 0.8 09 starches and to obtain estimated valuesTigruunder different
water content (w/w) moisture contents and heating-rate regin8%).(It should also
be noted that melting temperature data for anhydrous proteins
and polysaccharides are often inaccessible because of thermal
decomposition of the material beloly’. Therefore, predictions
of melting temperatures on the basis of the Flory equation are
peak temperature, respectively, compared with the thermogramextremely useful (1).
corresponding to corn starch without annealing. So, in our Nixtamalized Corn Flour Results. Nixtamalized corn flour
measurements, at a 23 mK/min heating rate, the time elapseds a sample very different from the potato starch, giving us the
by scanning the temperature range from %D to 60 °C (a opportunity to explore the ASC technique in two quite different
temperature range slightly beloly) is approximately 7 h, which ~ systems both containing starch granules.
is long enough to expect some annealing effect which will be  In nixtamalized corn flour production, the corn is usually
reflected in a shift of the,(T) peak to higher temperatures and undercooked. Undercooking of corn causes insufficient water
a decrease of its height. absorption and weakening of the endosperm structure, and a
Finally, we fitted our data to the well-known Flory equation restricted swelling of starch granules, and it limits the amount
(eq 2). Flory reasoned th@, should be taken as the temperature of amylose leaching during the initial heating step. The shorter
of the completion of the melting process under very slow heating steeping time (compared with that of traditional production)
conditions. The difference between the real equilibrium melting limits the water distribution and reorganization of the molecular
temperature and the one observed may not be greater than thetructure (33). In this case the starch gelatinization will be
nominal experimental uncertainty in locating the latt@y. (n incomplete because the starch granules are within endosperm
our case, by using the ASC technique, we are certainly in bettercells and are exposed to limited amounts of water during the
experimental conditions for the determination of because shorter cooking and steeping operations. Grinding releases some
our heating rates are around 100 times slower that thosestarch granules from the endosperm cells and disperses some
normally used in DTA, DSC, or optical methods. We have taken starch polymers from swollen and partially gelatinized starch
Tm as the final temperature (as used in our calculations) of the granules. Rapid drying of the masa causes further starch

(¢

754

Tpeak
$

70 4 ks

T

Figure 8. Peak temperatures of ASC c,(T) curves (solid circles) and DSC
thermograms (open triangles) as a function of water content for
nixtamalized corn flour.
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Figure 9. Tyt (K1) plotted as a function of volume fraction of water, v4, for nixtamalized corn flour. The solid line represents the best fit to the Flory
equation (eq 2).
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gelatinization and reorientation of starch polymek6)( Masa with the peak temperatures obtained from the classical DSC
is a unique dough system composed of alkaline-cooked, steepedthermograms. We clearly see an almost identical qualitative
and ground corn, where changes in starch during processingbehavior. From the quantitative point of view, it is clear that
determine the mechanical properties of the m&8. ( the differences in they(T) peak temperatures are mainly due
We have made an analysis similar to the one developed forto the very different heating rates used in the two techniques,
the potato starch. The results from the ASC measurements foraround 10 K/min in DSC measurements and 97 mK/min in ASC
nixtamalized corn flour, at different moistures, are shown in (i-€., more than 100 times slower than in DSC measurements

Figure 6 where we plot the temperature dependence of their SO that real thermodynamic internal equilibrium can be guar-
specific heat capacities. As can be seen, for all samples a singlednteed). In DSC measurements the high imposed heating rate
peak in thecy(T) curves occurs. The temperatufigsand T, as requires that, during a phase transition, the amount of heat has
well as enthalpieAH and AH* were calculated by following to be absorbed almost instantaneously; this is very often almost
the same procedure as described in the previous section. Thémpossible for the system because of long internal relaxation
results are shown iable 2. We find that the values foF, times so that some broadening of the transition will be registered.
andT.increase as the moisture content of the sample decreases! this way the peak temperature measured by DSC will be
AH, as a function of water content, shows a linear behavior higher than the real transition temperature. Therefore, we
and its extrapolated value to zero water content is calculated to®XPected a shift in the peak temperature as confirmed by our
be 4.04+ 0.18 J/g, whereadH* fluctuates around 4.@- 0.4 results (Figure 8). Two DSC values for the nixtamalized corn
Jig. This value is very close to the zero water content flour in the lowest moisture range do not appear in this figure
extrapolated value obtained from tieH linear fit. Also, the ~ Pecause the corresponding registration of the DSC thermograms
AH* values agree quite well with those reported in the literature failed. The failure was partially due_ to the limited sensitivity
bySahai et al.34), where the impact of different processing ©f the DSC calorimeter and partially due to the lack of
variables is discussed. According to the model proposed in theNomogeneity in the corn flour. Indeed, the amount of the sample
previous section for the melting of starch crystallites at different Material in our ASC calorimeter is about 1000 times bigger than
water contents, the fact thab and T, values simultaneously that utilized in the DSC calorimeter (typlca_l weight _of ASC
increase as the moisture content of the sample decrease§@mples was around 12 g); a factor which is really important
indicates that a uniform absorption of water by the comn starch When the change of the enthalpy at a phase transition is small
granules occurs during the sample preparation, even if the @S in OUr case. Moreover, it is important to consider that the
moisture content is different. In fact, the samples look homo- less water that is added, the more time is needed for equilibra-
geneous and cohesive during their preparation compared to thd!On- This is completely in favor of our ASC technique. For

potato starch samples, where the material is not homogeneoud€S€archers not familiar with the ASC technique we refer to a
because pure starch is not soluble in cold water. A cohesive fundamental criticism of the different experimental methods such

glue-like structure appears to hold the masa pieces together @S DSC and ASC given by Thoem) @nd from a more practical

This glue-like system probably is composed of a mixture of point of view concerning DSC measurements to a recent article
gelatinized and dispersed starch, hydrated and denatured proteiff’ YU @nd Christie (36). , ,
matrix, and free and emulsified lipids3%). The uniform Finally, the data for the nixtamalized corn flour were fitted
absorption of water is reflected by the fact that tkie* mean to the Flory equation (eq 2Jm was defined in the same ways
value is very close to the zero water content extrapolated value@S for potato starch. lirigure 9 we show the graph of the

as obtained from thaH linear fit. The fact that only one peak  inverse ofTr as a function of the volume fraction of water (
appears in the,(T) curves for the different samples could also 1N €4 2). The ;ollq I_|ne represents the best fit (_)f our exper0|mental
be due to some annealing effect occurring during the nixtamal- data. From this fitting we obtained the following valueky=

ized corn flour process. After all, Sahai et @4f mentioned ~ 200-50+ 28.61 K,AH,= 11.2°4 1.97 kcal/mol, an&; = 0.49

that masa consists of approximately-5% undamaged and + 0.03. These values are close to those obtained for potato

ungelatinized starch granules that undergo changes, such astarch, although in the case of the nixtamalized corn flour a
annealing, during steeping. great part of the sample is composed by ungelatinized starch

In Figure 7 we show the percentage of granules gelatinized granglgs. .Robles et al. (37) sugges;ed that extensive st.arch
calculated from eq 3, as a function of the temperature. It is’ gelatinization does not take place during nixtamal preparation,
. L - ) and Sahai et al. (34) also mentioned that masa consists of
important to mention that the crystallinity of corn starch - .
degreased during the nixtamaliza'?i/on pro?:/ess. This is well- approximately 75-85% undamaged and ungelatinized starch

. . ; . corn granules, so we could expect that ¢, AH,, andX;
kgg\livgir?(i(c-?;s%i?f:gc]ﬁ) rfgrl:g'& nkeor: g;teerlrlaeenzlltlgalci) fcg:)?(irr?ajgfr values obtained from the Flory equation are very similar for
P Aray 9 . 9 both types of samples investigated in this study. This result on
corn. This indicates that the crystalline starch structure was

. - 3 nixtamalized corn flour confirms values reported by Biliaderis
partially disrupted 85). Therefore, the percentagesHigure 7 (9) and Donovan (12) for starches from dﬁ‘ferent s?/ources
refer to the amount of granules which were not gelatinized '

during the production process of the nixtamalized corn flour.
. . . . . . CONCLUSIONS
As described in the preceding section, the studied nixtamal-

ized corn flour was produced by a recently improved nixtamal-  We studied the phase transitions by using, for the first time,
ization process developed in the laboratories of the Researchthe ASC technique in potato starch and nixtamalized corn flour.
Center in Applied Science and Advanced Technology (CICATA- The c,(T) curves show a more detailed behavior than the
IPN, Mexico), so that there are no comparable data available endothermic heat curves obtained by DSC measurements. We
in the literature. Moreover, this study is fundamental because also calculated the percentage of starch gelatinized granules as
we have executed both classical DSC measurements and higha function of the temperature in both type of samples for a
precision ASC measurements so that in addition a comparisonnumber of different moisture contents. In the case of potato
of the ¢, (T) results could be carried out. Figure 8 we show starch we verified experimentally, for 50% and 90% water
the peak temperatures of the AS£T) curves when compared  contents, the percentage of gelatinized granules. On the basis
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of several hypotheses and on our ASC results we proposed an (5) Thoen, J.; Bloemen, E.; Marynissen, H.; Van Dael, W. High-

explanation describing the bi-phasic behavior for the case of

starch at intermediate water contents. We assumed partially the
hypothesis described by Evans et al. (27), but at the same time

we underline the importance of the swelling of the starch
granules as well as the size of the crystallites during melting.
We performed an experiment to support this idea in the case of
phase transitions at intermediate water contents. From this
experiment we estimated the moisture content of the granules
that gelatinized in the high temperature endotherm. A compari-
son between the results obtained at different heating rates of
96 mK/min and 23 mK/min yields small differences in the
obtained parameters which can be explained if we consider that

Resolution Calorimetric Investigations of Phase Transitions in
Liquids. InProceedings of the 8th Symposium on Thermophysical
Properties; National Bureau of Standards, Gaithersburg, MD,
1981. American Socirty of Mechanical Engineers: New York,
1982; pp 422—-428.

(6) Thoen, JThermal Investigations of Phase Transitions in Ther-
motropic Liquid Crystalsint. J. Modern Phys. B995 9, 2157
2218.

(7) Thoen, J. I'rHandbook of Liquid Crystals; Demus, D., Goodby,
J., Gray, G. W., Spiess, H. W., Vill, V., Eds.; John Wiley-
VCH: Weinheim, 1998; Vol. 1, pp 310—334.

(8) Flory, P. JPrinciples of Polymer Chemistrfornell University
Press: Ithaca, NY, 1953.

some annealing effects occur during the experiment even at the (9) Biliaderis, C. G.; Maurice, T. J.; Vose, J. R. Starch Gelatinization

slower heating rate. In the case of the nixtamalized corn flour,
our ASC results suggest uniform absorption of water by the
corn starch granules preserved during the melting of crystallites,
a phenomenon revealed by only one single peak inct{iE)
curves. For this system a direct comparison between the ASC

and DSC measurements was made giving rise to a shift to higher

temperatures in thecy(T) peak temperature for the DSC
endotherms, most probably due to the high imposed heating
rate in DSC measurements. Also, the enthalpy transition values
determined by ASC look more reliable when compared with
the corresponding DSC enthalpies. Finally, we analyzed our data
by using the Flory equation, from which it is possible to estimate
the melting temperatures of semicrystalline polymers at zero
moisture content where extensive thermal decomposition of
starch occurs.

From this study it is clear that the ASC technique, which
already has proven its particular suitability for the study of phase
transitions in liquid crystals and fullerenes, can be applied with
success to staretwater systems and to foods in general in
which heating-process internal thermodynamic equilibrium is
an important factor. Furthermore, it is known that the use of a
high mass of starch for DSC (in order to compensate the low

transition enthalpy) decreases the DSC resolution. This can result

in a peak broadening and eventually in an overlap between
neighboring peaks. All these disadvantages of the DSC tech-
nique are completely overcome by use of the ASC technique.
In addition, ASC is the appropriate method to distinguish
between a first-order and a continuous phase transition and (if
present) to measure the latent heat of the first-order phase
transition.

ACKNOWLEDGMENT

We are grateful to Dr. E. San Martin and Dr. J. L. Martinez of
CICATA-IPN-Mexico for supplying the nixtamalized corn flour.
Also we thank Dr. K. Binnemans (Department of Chemistry,
Katholieke Universiteit Leuven) for his support and help in the
DSC measurements. A. Cruz-Orea acknowledges CONACYT-
Mexico for the Sabbatical Year fellowship.

LITERATURE CITED

(1) Roos, Y.Phase Transitions in FoogdsAcademic Press: San
Diego, CA, 1995.

(2) Biliaderis, C. G.; Page, C. M.; Maurice, T. J.; Juliano, B. O.
Thermal Characterization of Rice Starches: A Polymeric Ap-
proach to Phase Transitions of Granular StadchAgric. Food
Chem.1986,34, 6-14.

(3) Sahai, D.; Jackson, D. S. Enthalpic Transitions in Native Starch
GranulesCereal Chem1999,76, 444—448.

(4) Pitsi, G.; Caerels, J.; Thoen, J. Adiabatic scanning calorimetric
results for the 260 K orientational transition ofCJ. Phys. Re.

B 1997,55, 915—920.

Phenomena Studied by Differential Scanning Calorimedry.
Food Sci.1980,45, 1669—1680.

(10) Gomez, M. H.; Waniska, R. D.; Rooney, L. W. Starch Charac-
terization of Nixtamalized Corn Flou€ereal Chem1991,68,
578—582.

(11) Lund, D. Influence of Time, Temperature, Moisture, Ingredients,
and Processing Conditions on Starch Gelatinizat@nit. Rew.
Food Sci. Nutr.1984,20, 249—273.

(12) Donovan, J. W. Phase Transitions of the Starch-Water System.
Biopolymers1979,18, 263—275.

(13) Wada, K.; Takahashi, K.; Shirai, K.; Kawamura, A. Differential
Thermal Analysis (DTA) Applied to Examining Gelatinization
of Starches in Foodsl. Food Sci.1979,44, 1366—1372.

(14) Leszczynski, W. New Methods for Determination of Starch
Gelatinisation TemperatureStarch1987,39, 375—378.

(15) Zobel, H. F. Starch Crystal Transformations and Their Industrial
Importance Starch1988,40, 1-7.

(16) Rabek, J. FExperimental Methods in Polymer Chemistry,
Physical Principles and Applications; John Wiley & Sons:
Chichester, U.K., 1983; p 570.

(17) Schoch, T. J.; Maywald, E. C. Microscopic Examination of
Modified StarchesAnal. Chem1956,28, 382—387.

(18) Banks, W.; Muir, D. D. Structure and Chemistry of Starch
Granule. InThe Biochemistry of Plants; Stumpf, P. K., Conn,
E. E., Eds.; Academic Press: New York, 1980; Vol. 3, p 321.

(19) Maaruf, A. G.; Che Man, Y. B.; Ashi, B. A.; Junainah, A. H.;
Kennedy, J. F. Effect of water content on gelatinisation tem-
perature of sago starc@arbohydr. Polym2001,46, 331—337.

(20) Le Lay, P.; Delmas, G. Investigation of the physical network of
amorphous amylose by slow calorimet@arbohydr. Polym.
1998,37, 49-60.

(21) Garcia, V.; Colonna, P.; Lourdin, D.; Buleon, A.; Bizot, H.;
Ollivon, M. Thermal transitions of cassava starch at intermediate
water contentsJ. Therm. Anal1996,47, 1213—1228.

(22) Rolee, A.; Le Meste, M. Effect of Moisture Content on
Thermomechanical Behavior of Concentrated Wheat Starch-
Water Preparationereal Chem1999,76, 452—458.

(23) Waigh, T. A.; Gidley, M. J.; Komanshek, B. U.; Donald, A. M.
The phase transformations in starch during gelatinisation: a
liquid crystalline approachCarbohydr. Res2000, 328, 165—
176.

(24) Rolee, A.; Le Meste, M. Thermomechanical Behavior of
Concentrated Starch-Water Preparati@ereal Chem1997, 74,
581-588.

(25) Tester, R. F.; Sommerville, M. D. Swelling and enzymatic
hydrolysis of starch in low water systemk.Cereal Sci2001,

33, 193—203.

(26) Waigh, T. A.; Gidley M. J.; Komanshek, B. U. The phase
transitions in starch during gelatinisation: a liquid crystalline
approachCarbohydr. Res2000,328, 165—176.

(27) Evans, J. D.; Haisman, D. R. The Effect of Solutes on the
Gelatinization Temperature Range of Potato SteBtérch1982,

34, 224—231.

(28) Zoebel, H. F. Molecules to Granules: A comprehensive Starch

Review. Starch1988,40, 44-50.



1344 J. Agric. Food Chem., Vol. 50, No. 6, 2002 Cruz-Orea et al.

(29) Leach, H. W.; McCowen, L. D.; Schoch, T. J. Structure of the malization: Impact of Processing Variabl€ereal Chem1999,
Starch Granule I. Swelling and Solubility Patterns of Various 76, 850—854.
StarchesCereal Chem1959,36, 534—544. (35) Gomez, M. H.; Lee, J. K.; McDonough, C. M.; Waniska, R. D.;
(30) Krueger, B. R.; Knutson, C. A.; Inglett, G. E.; Walker, C. E. A Rooney, L. W. Corn Starch Changes During Tortilla and Tortilla
Differential Scanning Calorimetry Study on the Effect of Chip ProcessingCereal Chem1992,69, 275—279.
Annealing on Gelatinization Behavior of Corn StardhFood (36) Yu, L.; Christie, G. Measurements of starch thermal transitions
Sci. _1987’52’ 715__718' . using differential scanning calorimeti@arbohydr. Polym2001,
(31) Hollinger G.; Kuniak, L.; Marchessault, R. H. Thermodynamic 46 179—184

Aspects of the Gelatinization and Swelling of Cross-linked
Starch.Biopolymers1974,13, 879—890.

(32) Biliaderis, C. G. Structures and Phase Transitions of Starch in
Food Systems-ood Technol1992,46, 98-109.

(33) Gomez, M. H.; Waniska, R. D.; Rooney, L. W. Effects of
Nixtamalization and Grinding Conditions on the Starch in Masa. Received for review August 6, 2001. Revised manuscript received
Starch1990,42, 475—-482. ) November 23, 2001. Accepted December 18, 2001.

(34) Sahai, D.; Mua, J. P.; Surjewan, |.; Buendia, M. O.; Rowe, M.;

Jackson, D. S. Assessing Degree of Cook During Corn Nixta- JF0110396

(37) Robles, R.; Murray, E. D.; Paredez-L6pez, O. Physicochemical
changes of maize starch during the lime-heat treatment for tortilla
making.Int. J. Food Sci. Technoll988,23, 91-98.




