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Mobility and distribution of water in cassava (rainy and drought crops) and potato starches were
studied by solid state and NMR relaxometry as a function of H,O and D,O contents ranging from 0
to 44% (dry basis). Measurements of relative mobility derived from 2H solid state NMR were based
on relative area and line shape analysis. The narrow peak (mobile component) started to show at
5% and increased with increasing D,O content. This increase in mobile fraction was accompanied
by a line narrowing. The mobile fractions of deuterons reached a >98% level above 15% D,0, which
is well below the water holding capacity of starch (~27%) and the previously assigned “glassy—
rubbery transition point” (24.3%; Jouppila, K.; Roos, Y. H. The physical state of amorphous corn
starch and its impact on crystallization. Carbohydr. Polym. 1997, 32, 95—104). This reconfirms the
liquidlike nature of water in the so-called glassy state of starch granules. The plasticization effect of
water on starch chains was observed at 14—17% for cassava and potato starches as indicated by
the T, minimum. This, however, did not seem to relate to the difference observed in swelling among
the starches studied.
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INTRODUCTION The dynamics of unfreezable water was studied in waxy maize
. . - . starch. This water was found to be highly mobile (liquidlike)
Water plays an important role in determining the function- o,on in solid (e.g., 9.3% ) indicating that water in a glassy
alities of starch. Processing treatments of starch, such as heating;,:o can pe extremely mobilg)( In potato starch, anisotro-
and freezing, depend on the dynamic states of starch hydrationpica”y mobile protons were observed aB5% watér content
NMR can be used to monitor the dynamics of various water Q).
populations. Various NMR methods have been applied including
solid state NMR3C cross-polarization magic angle spinning h
(CP/MAS), wide-line NMR, high-resolution NMR, and cross-
relaxation'H NMR. With these techniques, heterogeneity in
the backbone and side chain mobility of starch and water can

be observed. For Instance, the W'def“ne’ high-resolution NMR gelatinization in excess water. Understanding such differences
was gsed to observe rigid and mpbﬂe protgn componed)ts ( is of importance to quality control in the starch industry. In
Using*3C CP/MAS NMR, a relative proportion of short-range  thjs study, hydration behaviors of cassava (A type) and potato
order structures (double helices) in starches can be determineqp type) starches at low and intermediate moisture contents were
(3—5). They concluded that the proportion of double helices gtgied by solid statéH NMR and'H NMR relaxometry. NMR
significantly increased with increasing water content in starch \as applied to investigate water behaviors among the starches
granules. It has been reported that the proportion of double gnq the relationships to their physicochemical properties.
helices (short-range order) was not influenced when the water
was greater than 5%6). However, crystallinity (long-range  MATERIALS AND METHODS

order) is found to be dependent on water cont@t Sample Preparation.Cassava starch from the cultivar Kasetsart 50
Solid state’H NMR is also useful in investigation of water  (KU50) planted under the same field in May 2000 (the rainy season,

dynamics in semisolid and solid states, such as starch granules:R”) and in November 2000 (the dry season, “D”) at Chachuang Soa,

Thailand, was provided by Cassava and Starch Technology Research

N ) Unit, Kasetsart Agricultural and Agro-Industrial Product Improvement

Fax;T(i1@%.szrég_spEO.rrfaeiﬂcgﬁ?ﬁgéd@ago%(’sﬁ_euﬁzggI_%'u_413'545'1025' Institgte (KAPI).'Potato starch was obtained from AVEBE (AVEBE
tFood Science Department. America Inc., Princeton, NJ). Cassava and potato starch samples were
* Department of Polymer Science and Engineering. dried in a vacuum oven (68C, 29 in Hg overnight) and equilibrated

In preliminary studies, functional properties of cassava starch
ave been investigated as a function of growth conditions (i.e.,
rainy or drought) and harvest timedQ{ 11). In this work,
cassava starches from drought and rainy crops showed differ-
ences in swelling behavior and melting of amylopectin upon
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257 Table 1. Monolayer Values of H,0 and D,0 (g/100 g Solids) at 25 °C
[ for Cassava and Potato Starches Obtained from BET and GAB
b O Drought cassava A Equations
2.0 1 O Rainy cassava
£ Potato [ ; BET analysis (R?) GAB analysis (R?)
starch sample H,0 D,0 H,0 D,0

1.5 4
A Potato\

drought cassava  7.35,0.998  8.61,0.999  7.93,0.993 8.0, 0.991
i 2 rainy cassava 7.17,0995  864,0999  8.30,0.995 8.17,0.993
104 &f 4 potato 7.34,0999 850,0.993 7.82,0.995 9.34,0.991

Drought cassava A

H,O or D,O (mole/100 g solids)

0.5
b Rainy cassava Cassava starch {drought)
a %D,0 (dry basis)

Y — . . ; .
0.0 02 0.4 06 08 1.0

Water Activity > W
Figure 1. Moisture sorption isotherms from H,O (closed symbols) and MJ

D,0 (open symbols) of cassava and potato starches at 25 °C. The lines -
represent the GAB fitted curves for H,O (dotted lines) and D,O (solid 54321012345
lines) isotherms (R? = 0.99). Frequency (kHz)

11.0%

8.6%

by placing the samples in minidesiccators over saturated salt solutionsp

L. . Potato starch 4.9%
of known water activities (ranging from 0.03 to 0.8y). The saturated 24.4% D0 V\WMAWW

salt solutions were prepared with deionized distillegDHor 99.9% 139%

D,0O depending on the NMR experiments conducted. The samples were et e
then incubated at 25C for 7—10 days to allow equilibration before VRPN s
the NMR analyses. - — 0.0%
Deuterium Solid State NMR.2H NMR determination was carried N : " T " :
out using a DSX300 spectrometer (Bruker Instruments Inc., Billerica, 54321012345 o o0 0 100

MA) with a wide-line probe. A 0.20.3 g amount of sample was placed Frequency (kHz)

. A . Frequency (kHz)
in a 5 mm NMRtube. The?H NMR spectra were obtained using a Fi 2 N ks from 2H solid state NMR ra of
(90°—1,—180°—t acquisition) pulse sequence with a 2990 pulse. Igure 2. Narrow peaxs from “ri solid state spectra of (a) cassava

The data were acquired with 150 kHz spectral width, 3 s recycle delay, (drought) and (b) potato starches hydrated with DO at 25 °C.

and 1024 scans. Free induction decays (FIDs) obtained frorh pudse

were analyzed using WIN NMR (Bruker Instruments Inc.) to obtain C, Cg, andK are constants. The fitting:f of 0.99) gave &M,

Fourier transformed spectra. Spectra with overlapping peaks were (“monolayer” water content) as reported Tiable 1.

deconvoluted using Peakfit (Jandel Scientific, San Rafael, CA) to obtain  The BET (L4) and GAB monolayer values were determined

the intensity (area) and line width at half-height (LW). The amount of and are shown ifTable 1. The GAB equation gave slightly

mobile component was approximated from the relative intensity (area) differentM, values from the BET equation. The BET equation

of (tjhehnarrow peak olver the total. /?]II samples were run in duplicate, focuses on surface adsorptiob5], while the GAB equation

and the experimental error was within 15%. takes into consideration modified properties of the sorbed water
Proton NMR. A DPX MARAN NMR spectrometer (Resonance in the multilayer region 16). The BETM, reported in the

Instruments, Whitney, U.K.) operating at 23 MHz proton resonance i f his in th fEal ol
frequency was used to acquire water proton transverse relaxation time. lterature for cassava starch Is in the range o 9 R

Approximately 0.5 g of each sample was placed in a 10 mm glass tube 100 g solids 17) and that for potato starch is in the range of
and covered with a tight cap before placing it in another 18 mm NMR 6.0—8.2 g HO/100 g solids 18). The GAB M, has been
tube. FIDs were obtained from a9pulse (4us pulse width) followed reported to fall in the range of-711% water (dry basis) for
by 1 us of dwell time and a recycle decay of 10 s. The FID envelopes starches (19M, values obtained from fD were slightly higher
were analyzed as a continuous distribution of exponentials with than that from HO isotherms (on a gram basis). Thgvalues
Resor_1ance I_nstruments WINDXP software. All measurements were for D,O have been shown to be slightly higher (within 5%)
done in duplicate at 25C. . than those for KO due to the difference in their molecular
T1 was measured by the inversion recovery (:86-90°). The 90 weight (20)
and 180°pulse widths were 4 and &s, respectively. A recycle delay S . .
of 10 s and 10 values ranging from 5@s to 1 s was applied for each Deuterium Solid State NMR. ?H solid state NMR. _spectra
T, determination. of drought cassava §tarch and potato_starch.contalrﬂftgl%
D,O are shown inFigure 2a,b. The immobile (broad) and
RESULTS AND DISCUSSION mobile (narrow) peaks are shown. No mobile (narrow) peak
] ) - was found at low RO content (<5% BRO). At =5% D,O
Water Sorption Behavior. Starch samples were equilibrated = ¢ontent, the NMR spectra for all starch samples were decon-
at various water activities 3 over saturated salt solutions  ygjuted into a narrow Lorentzian (more mobile) and a Gaussian
containing DO or H,O. The resultmg_ water sorption |sotherms (less mobile) peak. The Gaussian component was extremely
of all starch samples are shown fiigure 1. The sigmoidal  proad appearing slightly above the baseline within the 144 kHz
curves were fitted according to the Guggenheim Anderson de range and did not change with water content. These immobile

Boer (GAB) equation (1213) deuterons exhibited a LW of 3840 kHz or approximately-810
us Tp* indicating that O was present in a rigid domain. It
M/M, = (CiKa,)/[(1 — Ka,)(1 — Ka, + CKa,)] was also possible that deuterons might have exchanged with

the starch protons and deuterated starch might significantly
whereM is the equilibrated moisture content (% dry basis) and contribute to the broad component. However, when we com-
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Figure 4. T, of protons for cassava and potato starches as a function of
DZO Content {g/ 100 g solids) moisture content.
Figure 3. Fraction of mobile deuterons and corresponding line width
obtained from solid state 2H NMR experiment as a function of D,O content. rainy seasons exhibited similar Values, which were higher
than T, for potato starch at a given moisture content. As shown
pletely dried the sample, no Gaussian peak was found, i.e., noin Figure 4, the T, minimum was at 1417% water content
deuterium contribution from the starches and most signals for all samples. The T minimum described an onset of
observed were from fD. A similar result has been found in  molecular plasticization of starch as has been earlier reported
the case of waxy corn starcB)( (25, 26). For waxy corn starch, the;Tminimum has been
In the case of potato starch (Figure 2b), the narrow peak reported at~19.8—21.9% water conten2). This onset of
showed a Pake pattern (doublet) at above 24#.00he sample increase in molecular mobility moisture range was higher than
above 50% BO showed an additional center peak possibly M, from water sorption isotherms and immobile wate5¢o
representing bulk water. Similar results were earlier reported moisture content) observed by NMR.
by Yakubu et al. 9, 21, 22). The Pake pattern reflects an Water Distribution by *H NMR (FID). Proton transverse
anisotropic motion of mobile water (1 kHz), whereas no Pake relaxation times () for cassava and potato starches were
pattern observed in cassava starches suggests a rapid exchangietermined by FID, and their ;Tdistributions are shown in
among mobile populations within the NMR time frame. Figure 5a,b. Depending on moisture content, the rigid com-
No mobile deuteron was observed in the 0—4%@ontent ponent showed & in the range of 317 us and the mobile
range (Figure 3). The amount of mobile deuterons increased component showed,[ in the range of 116550us. T,s peaks
at =5% DO and reached &98% level at~14—15% D,O remained relatively unchanged ovay 0—0.84 but decreased
content. At>15% D,O content, mobile BO (>90%) dominated in peak amplitude. 7, started to appear at5% moisture (dry
the population. Assuming that the water binding capacity of basis) and increased with moisture content dnd T, as a
starch is approximately 27% moisture, NMR results showed function of moisture content are shownHigure 6. Interpreta-
that the majority of the water is within starch granules. tion of IH FID data in heterogeneous system is complicated by
The M, value from water sorption isotherms falling in the other unknown contributions of cross-relaxation and proton
8—9 g D;0O/100 g solids (Table 1) was higher than the 5% exchangeZ7). No significant difference between cassava starch
moisture level below which BD remained immobileRigure from drought and rainy seasons was observed over the range
3). The first 5% of RO (immobile) exhibited a F* of 8—10 of a, studied.
us. The discrepancy between NMR and water sorption isotherm  Note that no mobile component 1) was observed at a
monolayer values raises some concerns about the choice ofmoisture content below 5%, and all protons appeared solidlike
methods used in determining bound water. At9®%6 DO, 60— with T, ~ 10 us (Figure 6). There was some similarity in this
80% of the deuterons were in the mobile fraction, with2 T trend as compared with tif#el NMR data reported ifrigure 3
of 40 us. The §* increases by 16 times to 656 at 40% DO suggesting that L might be more dominated by water protons.
as the moisture content was raised to 44%. On the other hand, thexdfraction contributed by rigid protons
LW decreased with increasingD content as expected, from  was more dominated by the rigid starch chains. Its decrease in
15 kHz at 5% DO to 500 Hz at 44% BD. Line broadening peak amplitude might have been at least in part affected by the
and T, < T, at lower moisture content were results from plasticization of the starch chains. This seemed to occur
complex phenomena, such as reduced water mobility, chemicalgradually over a wide range of moisture content as observed in
exchange, diffusion, and chemical shift anisotropy (28). Ty, i.e., all Ty curves inFigure 4 show a broad T minimum
Physical State of Water and Starch ChainsAt ambient range over moisture ranging from 10 to 20%.
temperature, it has been reported that starch was in the glassy This work shows thattH NMR can detect molecular
region at<25.2% water contentl]. In this study, we investi-  plasticization. It is also evident that the molecular motions of
gated further proton fand T, relaxations. starch and water are decoupled. At a moisture content below
Starch Chain Mobility by T 1. TheH NMR T, (spin—lattice the onset of mobilization (i.e., ¥417% moisture where T
relaxation time) of protons for cassava and potato starches wagninimum was observedigure 4), the water mobility could
obtained as a function of water contefigure 4). T; started be very high (mobile fraction with zF ranging from 40 to 180
at a high value (~320—350 ms) at 0% moisture content and us over 8—15% moisture).
decreased with increasing water content to a minimum at With respect to the monolayer valu®{), both*H and?2H
approximately 14 17% moisture and then increased again with  NMR experiments strongly showed that water in a5%%
moisture contentHigure 4). Cassava starches from drought and moisture content range was immobile (well belMy obtained
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Figure 5. T, distribution of protons from FID experiment for (a) cassava starch from drought (dotted lines) and rainy (solid lines) seasons and (b) potato
starch.

1200 related to the levels of water of crystallinity in these starches.

1000 7 | —e— Drought e The amount of immobile water determined by NMR fell above

800 | o Ray o B E— Y the amount of structural water required for A type starch but
ol below that for B type starch.

It has been earlier suggested that the mobility of “structural”
water in A and B polymorphs is differen22). The A type
crystal structure consists of a “tightly bound” component,
whereas the B polymorph also contains anisotropic “weakly
bound” water in addition to the tightly bound water. This weakly
bound water in starch is probably located in channels within
the crystallites and is more mobile than tightly bound water
(31). This might explain the longeril of potato starch, which
contains a more open structure of double helices in the B

Moisture Content (g/ 100 g solids) polymorph, as compared to the A type polymorph in cassava
Figure 6. Transverse relaxation times (T,) from FID for less mobile (Ts) starch.
and more mobile (Tz) components of cassava and potato starches as a It remains unclear why both A and B type starches studied
function of moisture content. here showed the same amount of immobile water. There are
from isotherm calculation). This immobile water may be some possible explanations. One is that immobile water is
associated with hydration of rigid starch domains and/or starch associated with some locations or sites in starch that do not
crystalline regions. This raises a question about whether this allow the water to exchange rapidly with other water popula-
water population is in anyway related to water of crystallinity. tions. As water was removed from starch below 5% moisture
The answer is no for the following reasons. content, starch crystals increasingly lost its crystallinity and

The water in the crystalline region has been suggested to makeeventually completely destroyed at 0% moisture. In such a case,
up 4—7% and 25—27% of the weight of A and B polymorphs, water could be tightly bound te-OH groups of starch and
respectively (2829), while the rest of the water distributes in become immobilized in the rigid (and amorphous) starch
the noncrystalline (amorphous) regions of the granules. Assum-domains.
ing 38 and 28% crystallinity for cassava and potato starches Another explanation is that the data obtained might have been
(30), water in crystalline structures in cassava and potato starchesnanifested by a strong quadrupolar interaction?ghNMR)
can be estimated to be :2.7 and 7.6-7.6% of dry weight of and dipole—dipole interaction (ifH NMR) leading to an
starch granules, respectively. However, both solid Stdtand extreme line broadening and loss of the most rigid signal.
1H FID experiments confirmed that water in all starches studied However, in the case 8H NMR, the experiment was repeated
here was immobile at5% moisture (dry basis) and this is not with dead time reduced from 10 to/s and a slightly more

600 4
400
200 A

V_/ O O

T, and T, (us)
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rigid signal (by 10%) was observed. This indicated the undetect-
able fraction of some immobile signal, which is considered to
be very rigid (L* < 10 us) and weak.

In summary?2H solid state NMR spectra and @istribution

of protons in cassava (from drought and rainy crops) and potato

starches showed undetectable signals 3% moisture, which
was not corresponding to the level of crystalline water nor
monolayer values from water sorption isotherms. The immobile
water was in a rigid domain. The plasticization effect of water
on starch chains was observed at-14% moisture (dry basis)
for cassava and potato starches as indicated by:th@fimum.
Water mobility was high (F* > 40 us) at >5% water (dry
basis) where starch and water mobility were decoupled. No

effect of drought and rainy seasons on hydration properties of (16)
cassava starches was seen within the range of moisture content

studied. The Pake pattern:a4% moisture (dry basis) in potato

J. Agric. Food Chem., Vol. 51, No. 25, 2003 7449

(12) Van den Berg, C. Development of B. E. T.-like models for
sorption of water on foods, theory and relevancePtoperties

of Water in FoodsSimatos, D., Multon, J. L. Eds.; Martinus
Nijhoff Publishers: Dordrecht, The Netherlands, 1985; pp-119
131.

Wolf, W.; Spiess, W. E. L.; Jung, G. Standardization of isotherm
measurements. IRroperties of Water in Foods; Simatos, D.,
Multon, J. L., Eds.; Martinus Nijhoff Publishers: Dordrecht, The
Netherlands, 1985; pp 661—679.

Brunauer, S.; Emmett, P. H.; Teller, E. Adsorption of gases in
multimolecular layersJ. Am. Chem. S0d.938,60, 309—319.
Bell, L. N.; Labuza, T. P. InMoisture Sorption: Practical
Aspects of Isotherm Measurement and 5@l ed.; American
Association of Cereal Chemists, Inc.: St. Paul, MN, 2000.
Kapsalis, J. Influences of hysteresis and temperature on moisture
sorption isotherms. IWater Activity: Theory and Application

to Food; Rockland, L. B., Beuchet, L. K., Eds.; Marcel Decker:
New York, 1987.

(13)

(14)

(15)

starch occurred as moisture increased close to water holding (17) Sanni, L. O.; Atere. C.; Ayoade, K. Moisture sorption isotherms

capacity (water saturation) of starch granules, suggesting a
beginning of spatial separation between water inside and outside

of starch granules.
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