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INTRODUCTION

The starch granule has been called elusive (1l); starch chemistry,
anomalous (2, 3). Starch has had a broad spectrum of uses; from the most
trivial like powdering hair (4), to the most fundamental - food. It is
with this two-fold charm, elusiveness and usefulness, that starch has
attracted much study.

The gelatinization behavior of starch has been one of its more
elusive aspects. Although, basically, one chemical formula covers
starch of all botanical origins (5), starch pasting behavior varies. It
is characteristic of its botanical source, preparation procedure, and
other elements of its historical background (6&).

Understanding and characterization of starch pasting however, is
important. Major uses of starch in one way or the other involve this
phenomenon (7). It occurs in many food processing operations - the
baking of bread and cakes, the extrusion of cereal-based products, the
production of soups and manv others (8). In food product formulations
it is utilized to achieve the right rheological property, certain degrees
of transparency, a desired mouthfeel that might spell acceptability or
otherwise for the food product.

In all these, wise choices will have to be based on collections
of laboratory data. This is most especially true for developing coun-
tries, where research facilities, equipment and technical knowhow are
not readily available.

Quite a number of methods have been devised to generate data at omne

or more stages, on one or more manifestations of starch pasting. One of
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these is photopasteographvy. The method was not considered sensitive
enough for determining initial gelatinization (9). Kainuma et al. (10),
however, were able to increase sensitivity of the measurement such that
evidence of pasting could be found at much lower temperatures than
before.

Here in Kansas State University, D. L. Wetzel and M. S. Gilmore
(5) modified a commercial particle measuring instrument introducing
Fraunhofer diffraction laser multichannel photopasteographv (FDLMP) to
catalog the pasting parameters of a broad variety of starches.

FDIMP data gave rise to a paradox. The quantitative and linear
nature of the FDLMP response to crosslinking makes the technique useful
and the results difficult to ignore but the relative granule sizes
reported upon pasting and the magnitude of the optical responses to
pasting were not in the order one would expect from perusal of starch
literature.

It was the purpose of this study to find out what caused the unre-
alistic data. It was also its purpose to inquire deeper into what kind
of pasting measure the FDIMP could offer. To do so, the pasting behavior
of a family of starches differing only in the degree of crosslinking and
previously studied with the FDLMP was differentially characterized using
modifications of the FDLMP method coupled with other parallel starch

pasting measures.



REVIEW OF LITERATURE

What Starch Is

Starch is the chief source of dietary carbohvdrates for man and makes
up the reserve food supply of all plant life (11). Microscopic examina-
tion has shown that starch is organized into tiny granules, the physical
appearance of which is characteristiec of the plant origin (11). Size of
the granules varies from 5 to 100 um in diameter (7).

Starch granules are made up of a mixture of polymers of D-glucose.
Details of their structure had to await the fractionation work done by
T. J. Schoch (12, 13). Models of these polymers, amylose and amylopectin,
had been proposed by Nikuni (14). Amylose is a linear polymer containing
only glycosidic bonds; the molecular weight of which varies from a few

thousand to 150,000 (15).

CHZOH CHZOH CHZOH CH20H

Amylose

Amylopectin is a highly branched polymer primarily containing
-(1 + 4) glycosidic linkages with periodic & -(1 - &) linkages (15).
The molecular weight of amylopectin is generally believed to be over a
million.

Normally, starches contain about 253% amylose and 75% amylopectin,
but some varieties of cereal grains produce waxy starches which are
about 99% amvlopectin (7).

Whenever the linear portions of starch molecules are arranged in



CH. CH CH.,OH CH,,OH

2—o

CH,,OH CH.,OH

CH,OH CHZOH

Amylopectin

parallel fashion, because they can form hydrogen bonds, crystalline or
micellar regions appear (11). About two-thirds of the molecules are not
arranged in such fashion. They are also associated by hvdrogen bonding
but more lcosely. The regions occupied by these are called amorphous
regions (16). The crystalline structure gives rise to the birefringence
observed under the polarizing microscope (17). A recent study by Sarko
and Wu (18) on crystal structures of amyvlose and starch revealed the
similarities and differences between the A-starch of cereals and the B-

starch of tubers and roots.

Crosslinked Starches

Natural starches are sometimes modified to meet special needs in
their specific uses. One type of modification is chemical crosslinking.
The term "crosslinked starch" normally implies inter-molecular bridges
even though intramolecular links also take place (19).

Some of the compounds used in crosslinking starch include epichloro-
hydrin, phospheorus oxychloride, (20) cyanuric chloride, and succinic

anhydride (21).
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These compounds are capable of reacting simultaneously with two or more
hydroxyl groups of the starch to form the crosslinks. As with epichloro-

hydrin, the reaction as given by Roberts (19) is:

0
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Chabot et al (22) found no substantial differences in the structure
of the granules related to the type of crosslinking agent used but they
found substantial differences between the unmodified starches versus their
crosslinked counterparts. They found that crosslinking starch increased

stability during cooking especially under shear or acid conditions.

Effects of pH

The pH values of most foods are in the range of 4-7 (21); though
some bakery goods like crackers have a pH of 7.0- 8.5 and devils food
cake, 7.5-8.4 (23). Variations in the 4-7 pH range have negligible effect

on granule expansion and viscosity, though in strongly alkaline solutions



{(pH=10) increased rate of swelling had been observed. Acid conditions can
cause hydrolytic cleavage hastening gelatinization and increasing granule

fragilicy (21).

Starch Gelatinization

In proportion to the relative humidity of the atmosphere, the hydro-
philic groups of the starch molecule cause it to take water; 12-147 for
cereal starches under normal conditions (21). Placed in cold water, the
starch granule can reach 30% moisture content (21) without noticeable
swelling, except under careful observation under the microscope. When the
water is heated to a temperature high enough to furnish energy to break
hydrogen bonds in the amorphous regions, the swelling becomes noticeable
and bireiringence is lost. Further heating causes more loosening of the
granule meshwork and allows more water to enter forming an expanded net-
work of micelles. Either due to temperature, agitation or both, there is

a release of exudate identified as amylose (24).

Characterization of Starch Fasting

The pasting of starch has been observed in many wayvs. El1 Saadany
et al (25) found that irradiation decreased the viscosity and the swell-
ing power, but increased the solubility of rice starch. Hizukuri and
Takeda (b6) explored the effect of alcohol on pasting of cereal starches.
Watson and Johnson (26) showed that gelatinization could be inhibited by
protein and various cellulosg derivatives especially at moisture levels
below 80%. Medcalfe et al.working on wheat starches (27) theorized that
polar lipid fractions prevent hydration of amorphous regions while non-
polar lipid fractions prevent hydration of the crystalline regions. This

was to explain the observed lowering of viscosity with polar lipid frac-



tions and greater maximum viscosities with nonpolar lipid fractioms.

Various methods have been used to measure starch pasting. On the
molecular level, pulsed NMR was used by Lelievre and Mitchell (28) to
detect mobility and hydration of the polymer chains. Also with protomn
magnetic resonance, Jaska (29) determined gelatinization temperature range
and solubility. Water-binding capacity and the influence of starch type
and modification on endothermic changes associated with gelatinization
was investigated by Wooton and Bamunuarachchi (30, 31) with differential
scanning calorimetry. The dependence of loss of birefringence on the
temperature jump was studied by Marchant and Blanshard (8) using a small
angle light scattering system on granules mounted on microscope glass
coverslips.

The scanning electron microscope, in spite of its limitation to a
very small sample and an incapability for a continuous observation of
pasting, has proved a useful tocl in revealing ultrastructure of starch
granules before, at selected stages during, and after pasting (22, 32,
33, 34).

The more common and perhaps more practical methods used to observe
and measure starch pasting are light microscopy, viscometry, photopaste-
ography, and measurements of swelling power and solubility.

Measurements of swelling power and solubility (35, 36) consists
essentially of heating a starch suspension to the desired temperature in
a constant temperature bath for 30 minutes, centrifuging the mixture,
drawing off the supernate and drving it to get the % solubles. The
weight of the sedimented paste gives a measure of the swelling power.
The procedure is very time consuming (36), laborious and requires much

skill, care and patience especially if the characterization is to be



done over the whole pasting process, even if determinations are to be made

at the suggested 5% intervals from 60 - 95°¢C.

Gelatinization Temperature

The determination of the gelatinization temperature, a temperature
range at which the granules of a starch sample lose birefringence is a
widely used method. It is usually determined with an electrically heated
microscope hot stage and a polarizing microscope. The starch granules are
watched for disappearance of polarization crosses (37). Gough and Pybus
(38) say that the gelatinization temperature of starch is independent of
heating and is regarded as a function of the crystalline structure of the
granule. Marchant and Blanshard (8) wrote that it reflects the reduction
in the intra-intermolecular ordering in the granule. Hill and Dronzek
(34) finding exudate coming from the granules at low temperature associated
this with the loss of birefringence.

Determination of the gelatinization tempera&ure by watching the polar-
ization crosses disappear deceptively appears simple, but it is not. It
requires much practice and is quite subjective. The sample being too small,
it is virtually impossible to make a large enough number of observations

to give good statistical validity (5).

Viscometry

Viscosity measurement seems to be the most widely used starch pasting
measure method. It is perhaps because important changes in viscosity and
other rheological properties of a starch paste indicate utility of products
in specific applications and because they reflect properties encountered
by the user during the preparation of products (39).

The Brabender amylograph, which in studies seems to be the most pre-



ferred viscometric equipment, is described as a rotational device which
permits continuous determination of viscosity while cooking the starch
paste. There is a rotating sample cup or bowl which contains a number of
fixed vertical pins and is driven at a constant speed by a synchronous
motor. A circular disc with metal pins projecting vertically downward into
the sample, dynamically balanced by a torsion spring serves as a sensing
element. An angular deflection of the sensing element shaft accompanies
the application of the restoring force and this is continuously recorded

on a strip chart recorder (39).

The maximum viscosity that may be encountered during cooking of the
starch, the ease in cooking it, the stability of the paste, and the set-
back on cooling are some of the information that the Brabender curves can
furnish (39).

In spite of the apparent practicality of viscometric measure, Myers
and Knauss (40) wondered if viscometry of starch pastes is worth the
effort saying that all reported starch viscosities were of limited value
because of the arbitrary nature of the conditions under which they were
determined. They wrote that most viscosity measures involve breakdown of
structure by shear when the relationship between viscosity and shear had
not been demonstrated as cause-and-effect.

Sandstedt and Abbott (41) comparing various starch pasting measure
methods indicated how viscometric measures fail to show early stages of
pasting and how with change in starch concentration, the apparent temper-
ature of pasting also changed. A 35% wheat starch gave an apparent pasting
temperature of 58°C while a 6.2 slurry of the same starch, a pasting tem-
perature of 87°¢.

There are many viscometric procedures based on rotational devices
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and flowthrough orifices. For control testing of thin-boiling starches
during manufacturing, Poyser and Wright (42) had come up with an automatic

viscometer.

Viscositvy of Starch Pastes

What makes for the viscosity of a starch paste is still not very
clear. Schoch (17) wrote that a cooked starch paste develops viscosity
when the granules become sufficiently swollen to crowd omne ancther,
Leach (9) assigned a major role in viscosity to the expanded network of
micelles giving the granules elastic properties. Miller et al (32) imn
their study on wheat starches concluded that it is the exudate, not the
swollen granules that cause viscosity. Hill and Dronzek (34) and Allen
et al.(33) also noted appearance of extragranullar material before an
increase of viscosity could be observed. Hood (43) in his discussion on
corn starches wrote that both the exudate and the swollen granules con-
tribute to viscosity development as peak viscosity is approached.

Loney et al. (44) working on wheat starch said.it is the high amylose
in solution that increases the pasting strength. Though not in exact
contfadiction, Juliano and Perdon (45) felt it is the amylopectin rather
than amylose that is the major contributor to viscosity of rice starch

pastes.

Photopasteography

Photopasteography has traditionally consisted of recording the rela-
tive turbidity of a starch suspension through the various stages of the
pasting process (5). Early work done by Cook and Axtmayer (46) on tropi-
cal starches revealed that photopasteograms can be used for identifving

starches. Morgan {47) showed that the light transmission patterns of



tapioca starch modified by oxidative treatment can indicate the extent

of modification since the modification can make the starch to paste at

a lower temperature. Both of these studies made use of unfiltered light
for measuring transmittance changes. Beckord and Sandstedt (48), on the
other hand, adapted the spectrophotometer for observing the pasting prop-
erties of various starches.

Sandstedt and Abbott (41) showed that light transmission curves are
essentially similar to viscosity, swelling, and solubility curves. Leach
(9), however, pointed out the lack in sensitivity of pheotopasteographv
saying that the granules in a 1% aqueous dispersion must have absorbed
15 times their own weight of water to increasa the transmittance bv only
3%.

With a modified automatic titration equipment, ¥ainuma et al. ;
(10) studied the pasting of corn sparch at varying filter-selected inci-
dent radiation. The significance of the method was in the use of radia-
tion of shorter wavelength (372}¢m) with which minor changes in transmit-
tance caused by initial changes in the starch granules could be detectad.
Pasting changes at temparatures from 5 to 10°C lower than the conventional
methods were observed.

Kainuma et al. (10) measured transmitted radiation at filter-selected
wavelengths. Measurements were taken with continuous stirring through
an optical cell of 3.7 cm. I.D. with starch concentration of 50-100 mg.
(D.B.) in 530 ml. of water and a temperature ramp of 2°C/min. from 30°C
to 9800. He reported photopasteograms of corn starch, potato starch and
sweet potatc starch. He plotted Transmittance as a function of tempera-
ture using a linear temperature program. The corn starch which he studied

q,
>

showed a decrease in Transmittance from an initial setting of za. 17% to
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a low of ca. 10% occurring at ca. 68°c. 1Initial changes were noted at
ca. 62°C. Kainuma continued to measure the Transmittance which returns
to the initial level at ca. 72°C and continued to rise to virtual trans-
parency with an 88% T reading at 98°C. The shapes of such Transmittance

curves were reportedly characteristic of different starches.

Fraunhofer Diffraction Laser Multichannel Photopasteography (FDLMP)

Since it is the FDLMP that is of particular interest in this study,
a more detailed description of equipment and procedure is found under

Materials and Methods.

Briefly it involves obtaining a measure of the total particulate
hard volume (PHV) and the median diameter of the starch particles as a
suspension of the starch sample is heated and undergoes pasting. Measure-
ment is done with a particle size analyzer equipped to determine among
other information, the size distribution by volume of small (1.9-176m)
diameter) particles from their laser light scattering. The theory and
mathematical considerations behind the particle analyzer is given by
Wertheimer and Wilcock (49) and the principle of operation, by Weiss and
Frock (50). Additional design and functional details as well as their
limitations will be found under the discussion section.

Wetzel and Gilmore (5) listed the advantages of the multichannel
photopasteography as follows:

1. As the aqueous starch slurry is cycled through the cell, the
particle size analyzer rapidly collects data on it and gives a 13-
channel histogram showing the distribution of the starch particles re
size throughout the pasting process.

2., Unlike turbidimetric measurements where light scattering varies

as a function of particle size, the calculated size measurement obtained
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with the instrument takes into account the population of each size channel
and the differences in light scattering characteristics for particles of
different sizes are compensatad for in the summative equation.

3. Unlike in microscopy, with FDLMP, a large number of particles
is measured.

4. The system operates effectively at what can be called as infinite
dilution, hence each particle is able to act independently.

Wetzel and Gilmore (5) enumerated the limitations of the FDLMP as:

1. The wavelength used sets the lower limit of the size that can
be monitored.

2. The optical system does not provide for indication of the point
of loss of birefringence.

3. It does not necessarilyv reflect the behavior in a limited water
system,

4, A practical temperature of ca. 85°¢C is imposed by bubble formation
and thermal limitations of the optical cell.

Wetzel and Roomey (51) using two different lines of field-selected
0-3 non-waxy dose grain sorghum crosses reported that FDLMP data was
indicative of the genetic trait of non-waxiness. Linear correlation was
observed both with magnitude and temperature of occurrence oI pasting.

Unpublished data of Wetzel and Stalnaker (52) indicated that a
linear measure of the extent of crosslinking of chemically modified corm
starch may be effected by FDLMP. They also noted that combination of
starches with different levels of crosslinking would not result in pasting

properties predicted by direct interpolation.



MATFRIALS AND METHODS

Materials:

Four corn starches: WM-0, WM-,05, WM-.08 and WM-.13 were studied.
WM-0 is normal waxv corn starch with zero modification. WM-.05, WM-.08,
and WM-.13 are corn starches of .05, .08 and .13 relative degrees of non-
waxiness achieved by modification of WM-0 through chemical crosslinking
with phosphorous oxychloride as crosslinking reagent. The parent waxy
starch and the chemical modifications thereof were provided by American
Maize (Hammond, Indiana). Common commercial corn starch with the Monarch
brand to use for comparison was obtained at a local foed store.

Local tap water of pH 9.35, debubbled and degassed as described

later, was used.

Methods:
A. Microscopy

The gelatinization temperature range was determined with a Kofler
microscope hot stage and a polarizing microscope. The method used was
bv Watson (37) except that instead of the sugzested 100 to 200 granules,
only 25 were continuously watched. The granule sizes were observed be-
fore and after loss of birefringence. The same samples were sent to
another laboratory for the same measure.
B. Viscometry

Viscosity was measured with a visco-amylo-greph, Model no. 736 of
C. W. Brabender (North Hackensack, N. J.) and according to a modified
method here described.

Sufficient distilled water was added to 25.3 g (D.B.) starch samnle

to bring the total weight to 460 g. Using the 700 g cm cartridge, the
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amylograph was started at 65°C and the slurry was heated till it reached
95°C, after which it was held at that temperature for 15 minutes. Amylo-
grams of the same samples were also obtained using exactly the same pro-
cedure except for the addition of 8 ml of glacial acetic acid.

C. Fraunhofer Diffraction Laser Mutlichannel Photopasteography (FDLMP)
The equipment for the FDLMP as described by Wetzel and Gilmore (5)
consisted of a Leeds and Northrup Microtrac Particle Size Analyzer as the

basic instrument. The instrument is equipped with a 2 mW helium-necn
laser, the light of which strikes the particles of the sampie as theyv pass
through an optical cell (see Fig. 1). As the light from the laser strikes
the particle, it is diffracted at a small angles in a forward directicon and
this diffracted light is sorted out in space by a special mask and shutter
system. It is then focused onto a detector, and the photocurrent at dif-
ferent periods of time on the detector are digitized and fed to a micro-
processor built into the instrument. The microprocessor solves the neces-
sary equations to generate the 13-channel histogram. A digital printer
makes a printout of individual channels as well as the summative data.

The sample slurry is recirculated frcm the mixing bowl to the sample
cell (Fig. 2) by means of a pump. The pump, later suspectsed of shearing
the pasted granules, is a P-6 model from Fastern Pumps Products Division
Hamden, Conn.). It has a 4-vaned impeller with a 0.025/0.035 inch clear-
ance from the adjacent wall of the adapter and an rpm of 3200. From the
supply line, water for the sample slurry is first passed through a filter,
then through a needle valve and into an expansion chamber in the instrument
to debubble and degass it before it enters the mixing bowl.

For FDIMP purposes, the Microtrac Analvzer was modified by insulating

the mixing bowl and by applying silicon rubber sealant (DOW) at the glass/
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molded epoxy interfaces of the sample cell. The latter was done to pre-
vent any leakage which could occur upon thermal expansion of the cell.
Heating of the starch slurry was accomplished with a YSTI Model 71-A Thermo-
regulator and heating element. The temperature was manuallv programmed

by adjusting the thermoregulator setcings to provide a linear ramp of 1%¢
per 4 minutes. The heater lag to manual programming was determined and
corrected with the use of a mercurv bulb thermometer.

A 0.5 g starch =zample was introduced and allowed to disperse within
20 seconds into the water heated to 40°C in the mixing bowl ¢f che analyv-
zer. From 40°C to 80°C data was automatically accumulated continucusly
in 100 second segments, with alternate data representing each whole
degree rise to construct the pasteogram.

FDIMP Mcodified to Substitute Gravity Flow for the Impeller Pump

FDLMP parameters were obtained without the use of the built-in
Microtrac Analvzer sample impeller pump. The sample was transported to
the cell by gravity flow from an elevated reservoir of 21 cm I. D.
Polyvinyl chloride and polvethylene tubings summing up to about 1% m in
length, connected with suitable fittings and provided with a course
neecle valve to shut off flow when necessary conducted the starch slurry
from the reservoir to the sample cell. The limiting orifice was the
1/8 in I. D. of the tubing and the sat-up provided a cell flow rate of
12.8 ml/secord at 31.5°C.

The same thermoregulator ‘and heating element of the conventional
FDIMP was used but augmented with a TekPro Heatstir 36 from Scientific
Products, Model H2397-1 placed under the reservoir. The rate of heating
of the system was measured with the mercury bulb thermometer. The temo-

o s ;
erature ramp of 1 C/4 min was kept as smooth as possible and the pressure
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head fairly constant (42.2 + 1.45 cm of water) by using 500 ml insulated
Erlenmeyer flasxs as receptacles and pouring back the contents into the
reserveoir about every 40 seconds.

To simulate water conditions provided bv the debubbler and filter of
the Microtrac Analyzer, tap water used was first boiled, carefullv siphoned
while hot (about 750C) into bottles and this was again carefully siphoned
into the reservoir when to be used. A constanﬁ but gentle stirring with
a micromotor-driven stirrer kept the suspension homogeneous.

The sample size was reduced from 0.5 to 0.25 g for WM-.05, WM-.08,
and WM.13 because the detector and microprccessor got overlcaded with
the 0.5 g samples at 72°C or higher. The change in sample size affected
only the raw PHV data since these values were normalized by dividing by
the PHY at 40°C to obtain the relative PHV's (RPHV) which were nlotted.

FDIMP Using a Peristaltic Pump for Circulation of Sample

With the 115~volt Standard Model of the Manecstat Varistaltic pump
(New York) to transport the starch slurry to the cell, FDLMP data were
obtained on samples WM-0 and WM-.13. A pump setting of 7; polvvinyl
chloride tubing of % in I. D. and wall thickness of 1/16 in at the pump
and connected to a polyethylene tubing 1/8 in I. D. provided a flow
rate of 22.3 ml/second at 31.5°C. Clezrance between the rollers and its
housing was 3/16 in. Tubings of slightly larger than 3/8 in 0. D. used
in an attempt to increase the flow rate at a low pump setting were des-
troved by the pump.

Temperature programming and water conditioning were the same as with
the gravity flow procedure. Stirring at the slowest rate possible was

accomplished with the TekPro Heatstir 36. Spattering on the lenses and

on the cell due to the pulsating flow of the slurryv from the cell onto
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the collecting funnel was prevented by partly covering the funnel with
aluminum foil layered on top with polyvinyl chloride electrical tape.
Starch slurry concentrations approximated that of gravity flow.

The flow rate for each method was measured by collecting water flow-
ing through the cell for 60-second periods and measuring the volume with
a graduated cylinder. The flow rate with the impeller pump was 23 ml/
second which was closely approached by the flow rate of the peristaltie
pump. Difficulty of pouring back the sample sliurry into the resasrvoir at
a height greater than was used (about 1.74 m from the floor) limited the
flow rate with gravity flow to 12.8 ml/second. The possible effect of
the flow rate differences on the investigation was examined and consid-
ered negligible,

D. Refractive Index

Preliminary investigation was made on the possibility of the unreal-
istic data being due to the pasted granules matching the refractive
index of the water and thus failing to give Fraunhofer diffraction pat-
terns. These consisted mainly of heating starch slurry off-line and
pipetting it into a suspension medium with a refractive index different
from water at 80°C.
E. Mechanical Degradation Kinetics Study

A kinetics study on the fragility of the pasted starch granules to
shear by the impeller pump was made on all samples. A suitable slurrv
of the starch sample, (WM-0, 15 g in 3 1i of water; WM-.03, WM-.08, and
WM=.13; 7.5 g in 3 1li) was heated off-line but still emploving the same
temperature ramp of lDC/4 min. An aliquot of 100 ml was pipetted and
allowed to disperse for 20 seconds in the Microtrac mixing bowl after

which 18 successive readings were taken at 13-second intervals,
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On sample WM-C, determinations were made at 40 C and at everv degree
from 61 to 80. On WM-.05, WM-.08, and WM-.13, measurements were made at

40°C and at every degree from 61 to either 87 or 89.
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DISCUSSION

Microscopv

The gelatinizatidn temperature ranges of the samples shown in Table
1, both for Labcratory 1 and Laboratory 2 determinations were cleose and
overlapping. WNo clear trend with regard to the amount of crosslinking
is apparent. What is apparent is the difference in values from the two
determinations indicating the subjectivity of the method.

There was a doubling or more in size of the granule after the loss

of birefringence.
Table 1

Gelatinization Temperature Ranges of Modified Waxy Cora Starches

Starch Sample GCelatinization 5
Temrerature Range C

Laboratory 1 | Laboratery 2
Range Initial 50% Endpoint
WM=0 62-72 66 73 78
WM-.05 65-75 64 72 78
WM-.03 66-74 67 74 78
WM-.13 62-75 65 72 78

Viscometry and Effect of Acidification

The amvlograph results (Fig. 3) with and without acetic acid showed

that within the given temperature and time ranges the starch samples were
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cooked in the amyvlograph, the peak viscosity attained was in the order
WM=-0 > WM-,05 > WM-,08 > ¥M-,13. Peak viscosity deacreased with increased
crosslinking, but the least wiscous was the common nen-waxy corn starch
meagured for comparison.

Without the acetic acid treatment, the retention of wviscosity by the
crosslinked starches was noticeable as opposed to the behavior of the
parent starch WM-0. Chabot et al (22) wrote that maintenance cf a high
viscesicy was directly correlated with the retention of intact granules.
Since the fragile granules of WM-0 after pasting did not remain intact,
viscosity went down fast while the viscosity of each of the crosslinkad
samples was retained. This then meant that crosslinking decreased the
fragility of the pasted granules.

Acidificatior of WM-0 resulted in an earlier rise and peaking of vis-
cosity, marked reduction in peak viscosity, and an even more drastic low-
ering of final viscosity. This could mean hastened granule swelling over-
taken by an increased race and more extensive granule fragmentationm.

With WM-.05 and WM-.08 acidificaticn resulted in reduced final
viscosity zand with WM-.08 anding up as more viscous than WM-.05. A
greater swelling and/or greatar amount of exudate released could have
given WM~.05 the edge in viscosity over WM-.08 without the acid treatment
and even with the acid from the beginning of rise in viscosity up to the
point before their curves crossed over; but the more cresslinked and,
therefore, stronger granules of WM-.08 caused the paste to retain its
viscosity better than WM-.05,

The acid treatment made the viscosity of WM-.1l3 rise earlier and
higher. The viscosity was maintained such that where without the acid,

its final viscosity was lowest of the four samples, now it was highest.



This can be rationalized as due to earlier and much greater swelling than
that without the acid with the least fragmentation because of the greatest
extent of crosslinking.

Additional amylograph data found in the appendix is indicative of the

reproducibility obtained.

Conventional FDLMP

With conventional FDLMP, i.e. with the use of the impeller pump, the
order in maximum relative particulate hard volume (PHV) reached was WM-(C<
WM-.05 < WM-.08 < WM-.13 (Fig. 4). The same order was observed with the
temperature at which these maximum relative PHV's were attained. This
meant that crosslinking increased the maximum relative PHV as well as the
tolerance of PHV to temperature rise. TFigs. 5 and 6 indicate the iinear
measure of the extent of cresslinking.

Fig. 7 illustrates how the median diameter behaved with temperature.
Table 2 shows that initial rise in PHV was preceded by rise in median
diameter. It also shows that the temperature of maximum median diameter
practically coincided with the temperature of maximum relative PHEV. One
is led to conclude that the magnitude of the PHV was dictated by granule
swelling though the exudate was expected to have added to it.

Examining the data from microscopy, viscometry and conventional
FDILMP, it can be seen that:

1. The gelatinization temperature range was not very far from the
temperature range of initial rise to maximum PHV,

2. The reported median diameter changes (Table 2) did nct corres-
pond to the observed doubling or more of individual granule diameters

on pasting, specifically for WM-0.
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Table 2

Selected Conventiconal FDLMP Parameters

o
Temperature C

Diameter

Ini. Max. Change Ini. Ini.
Starch AT AATR, AMm. Rise  Max. Rise  Max. Max., Max,
Sample Diam. Diam. PHY PRV PHV RPAV

(cm3g-1)
WM-0 14.8 16.5 1.7 64 72 66 72 .236 3.42
WM-.05 15.0 23.9 14.9 66 73 67 73 362 7.87
WM=-.08 14.0 Z8.3 14.3 67 75 67 75 .374 10.83
WM-.13 14.6 33.9 19.3 56 79 67 79 .630 16.59
Table 3
Selected Parameters of FDLMP with Gravity Flow
Diameter Temperature OC

Ini. Max. Change 1Ini. Ini.
Starch A, A . 4m. Rise Max. Rise Max. Max Max
Sample Diam. Diam. PHV PHY PH RPHV

(cm 2-1
WM=0 17.1 35.0 17.9 66 73 66 73 651% .930
WM-.05 15.7 66.7 5L.0 61 76 66 k% .610 12.06
WM-.08 16.5 64.6 47.1 62 % 63 W .702 27.00
WM-.13 14.8 63.2 48.4 Rk # 63 *% .587 20.96
*The sample used for WM-0 was .5 g; the rest, .25 g.
*#*The PHV seemed to still be on the increase at 820°C.

**%*The median diameter was too fluctuating to tell.
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3. Viscosity rose at temperatures above 80°C for all samples when
FDLMP values of relative PHY and median diameter except with WM-.13 had
fallen appreciably low. WM-0O which had registered the highest peak wis-
cosity at about 83° and had its relative PHV below baseline at SOOC.

4, The order of maximum relative PHV is the same as the crder of
final viscosity with acidification.

The foregoing comparative observations suggest that:

1. FDLMP can give information on early gelatinization that is less
subjective and more reliable than that from microscopv.

2. With the FDLMP something was happening to the pasted granules
causing a2 fail in median diameter and relative PHV premature to what was
expected.

3. Shear and/or heating conditions in the amylograph could be milder
for the pasted granules than those in the Microtrac Analvzer.

4, 1If final viscosity is a measure of intact granules or the lack
of it, then FDLMP could be measuring the fragilitv of the granules as thev
underwent pasting, not so much their increase in size and the amount of
extragranullar materizl.

Two possible explanations of the puzzling FDIMP cata were put for-
ward. One was that the pasted granules were being sheared by the Micro-
trac Analyzer. The most probable place of shearing was narrowed down to
the sample impeller pump. The other explanation was that the refractive
index of the pasted granules matched that of the water in which they were
suspended thereby becoming invisible to the Microtrac Analvzer. The
WM-0 pasted slurry being clearest to the eye, the refractive index match-
ing of the sample and suspending medium was assumed greztest hence the

already lower than baseline relative PHV at 80°¢C though it had the highest
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peak viscosity at 83°C with the amylograph.

FDIMP with Gravity Flow

In Figs. 8 and 9 are photopasteograms obtained when gravity flow was
used in place of the impeller pump to avoid the suspected shearing effect
if there was any. Table 3 gives the corresponding parametsrs. The rela-
tive PHV photopastecgrams (Fig. 8) are more indicative of the extent of
crosslinking than the ones for median diameter (Fig. 9).

The increase in size of the granules with gravityvy flow was more real-
istic; but the difficulty of simulating conditions provided by the Micro-
trac water conditioning system with a completely manual operation made
quantitation less certain. Despite the factor of uncertainty, repeated
determinations made it conclusive that the impeller pump was indeed the
cause of premature fall in PHV and median diameter especially for the
crosslinked samples.

There was a shift in the order of maxmimumrelative PEV (see Figs. 4
and 8). With gravity flow, WM-.08 > WM-.13. This, however, can be under-
stood by considering two opposing processes taking place; fragmentation
lowering relative PHV and granule expansion raising it. The lesser degree
of crosslinking in WM-.08 allowed it to expand yet resist fragmentation.
The greater extent of crosslinking in WM-.13 while it prevented fragmen-
tation inhibited expansicn.

The relative PHV of WM-0 at 80°C though it increased to .160 with
gravity flow from .036 with the impeller pump, was still comparatively
low. It also started to fall after peaking at 73OC, just 1° higher than
that with the impeller pump while all the others appeared to still be on

the rise at 80°C. This suggested then that though the shearing by the



PARTICULATE HARD VOLUME (Relative)

28 31
/WM— .08
//o
24 /p
7
/
/
. WM —.13
200
/_a__n/sWM—.OS
16(.
g .
|
]
-1
4‘
Sewm-0
0 i 1 5 —rl
40 60 65 70 75 8¢
TEMPERATURE (°C)
Tig. &. Gravicy Ilow TDL® on waxy ceru starch and its cresslinked

mocdifications. Relative parciculate hard velume vs,
cemperature.



(pm)

MEDIAN DIAMETER

70

TEMPERATURE oC |

Fig. 9. fravity flew FDLVYP on waxy corn starch and 1ts crosslinxsd
noéifications. M“edizn diameter vs. tamperarturs



33

impeller pump was the major cause of the low FDLMP parameters for the
crosslinked starches, it was not sc with WM-0.

The changes in particle size distribution of the starch granules as
they underwent pasting using the impeller pump and with gravity flow are
illustrated by Figs. 10-13. An overview of all the figures reveal almost
normal distributions at the pasting temperatures for all samples with the
impeller pump, and distributions very skewed to the right with gravity
flow. This must be due to the absence of shearing with gravity flow.

Fig. 10 (left) shows that at 40°C with the impeller pump, the great-
est number of particles for WM-O were in the 16 #m channel. At 60°C to
73°C there was a shift of population to the ZZ/Lm channel, and a broaden-
ing of the peak. Above 73°C, there was again a shift back toward the
lower channels culminating in the erratic distribution at 79°¢C which sug-
gests an earlier and more extensive fragmentation compared with that of
gravity flow (Fig. 10, right) though at 79°C the particle size distribu-
tion of the latter also indicates fragmentation even without the shearing
of the impeller pump.

Examination of the particle size distributions with the impeller pump
of WM-.05 (Fig. 11, left), WM-.08 (Fig. 12, left), and WM-.13 (Fig. 13,
left) show that as in WM-0, the 164 m channel was of highest population
at 40°C but there was a shift to 3lum at 70° and to 44/um at higher tem-
peratures indicating that the crosslinked starches were able to swell more
than WM-0 before fragmentation. The same distributions alsoc show how at
77OC the channel of highest population for WM-.05 was the 164 m channel
while it was the 31xm for WM-.08 and with WM-.13 it was the 44 m up to
79°. Again this observation points toward the decrease in fragility in

crosslinking.
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Though the distributicons for the crosslinked starches with gravity
flow (Figs. 11b, 12b, and 13b, right) present more fluctuatinz patterns
from one centigrade degree to the other, still they are consistent in
their message that the pasted starch granules were, collectively speaking,
bigzger when the impeller pump was not used for transporting the sample

slurry.

FDLMP with the Peristaltic Pump

To ease the difficulty of sample slurrv circulation by the gravity
flow method, and reduce the shear by an impeller, a peristaltic pump was
used. A comparison of the relative PHV curves witﬁ the a) impeller pump,
b) gravity flow, and c) peristaltic pump for WM-0 and WM-,13 is given
by Figs. 14 and 15 respectivelv. The corresponding curves for median
diameter are in Figs. 16 and 17.

With WM-0, the peristaltic pump gave a maximum relative PHV about
s (0.51) thart of gravity flow and 1.37 times that of the impeller pump.
It would appear then that the peristaltic pump though with negligible
shear was also causing much granule break-up.

The behavior of WM-.13 was puzzlingly interesting. Though the peri-

staleic pump gave a maximum relative PHV still about s (0.61) that of

gravity flow, this time, it was not higher than that with the impeller
pump, but just about % (0.76) of the latter. Another puzzle was its early
rise. The histograms (Fig. 18) revealed practicallv the same particle
size distribution for both the impeller pump and peristaltic pump at 487
and at 80°C. Could the rollers of the peristaltic pump have a crushing
action on the granules? Could such action have at first just flattened

and elongated the granules and favorable orientation in the laser beam

caused the early rise in relative PPFY as well as in median diameter?
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Could the crushing action, at hizher temperatures have resulted in frag-
mentacien greater than the stretcning-shearing effect of the irpeller pump
as observed later in the work? Sincs the peristaltic pump could not take
the place of gravity flow without considerzble granule breakup, it was

abandoned and the mechanism of apparent breakup not sought further.

Refractive Index as a Factor

Preliminary investigations were made on whether the matching of the
refractive index of water by the starch granules especially WM-0 caused
them to disappear from the sight of the Microtrac Analyzer resulting in
low relative PHV and median diametar. The refractive index of the suspen-
sion medium was changed first by the aadition of sucrose ther by tempera-
ture variation. The results, though reproducible, were inconclusive. The
sucrose seemed to compete with the granules for water to give smaller
diameter at corresponding temperatures. Attempts to match the index of
ralfraction by temperature variation failed to explain low changes in PHV
because the variabls introduced (cemperature) was probablv a greater fac-
tor than the small refractive index adjustment afforded.

Tiie aforementioned investigations, however, revealed how the rela-
tive PHV of a starch sample heated to pasting temperature off-line then
pipetted into the Microtrac mixing bowl changed considerably with time
exposure to shear by the impeller pump. It was realized that wizh such
date, conditions of maximum and minimum pasting, paste strength to shear
at any desired temperature could bDe obtained easily and quickly. It could
also possibly yield ths more realistic granule size and optical response
sought previously with gravity flow by extrapolation to zero time.

Work on the refractive index thus led into the mechanical degrada-

tion kinetics studv.



45

In the meantime, an inquiry by Fry (53) into the principle and mathe-
matics of the Microtrac Analvzer ruled out further work on the refractive
index. An important advantage of the near forward Fraunhofer diffraction
approach when &< 11° and D> 10. A is that the particle size distribution

ki
so determined is independent of the optical properties of the sample
(e.g. transparency and refractive index). For the Microtrac Analyzer
operating at scattering angles 8< 110 and particle diameter, D>10_,A,

T

Fraunhofer diffraction predominates over reflection and refraction phenom-
ena. For visible incident laser light (e.g.A = 0.6328 4m) Fraunhofer
diffraction in the angular region i may be used to determine particle
size distributions in the diameter range from 2-2004m (49, 50). Reflec-
tion and refraction may be neglected with these conditicns. The smaller
particles in the diameter range (2—20qﬁ¢m) produce a relativelv low inten-
sity diffraction signal at the larger diffraction angles within the near
forward zone up to llo. As the particle size increases in the diameter
range 2-200 4m, a more intense Fraunhofer diffraction signal results,
however, this occurs at smaller and smaller diffraction angles. For this
reason, the upper limit of the particle size that can be measured in this
way is determined by the difficulty in measuring diffracted light at small
near forward angles approaching the remaining bright undiffracted laser
beam.

The intact starch granules fall within the 2-200u« m range. Part of
the amylose units leached out during pasting would probably fall below
the 2-2004 m range but it is believed that the Microtrac Analyzer is
capable of measuring particles as low as O.S/gm in diameter (49, 30)
these registering in the 2.8,4m channel. There is the possibility of

these smaller than 2um particles being lost to measurement dy refractive



index matching, but compared to the much bigger granules and exudate within
the 2-2004m range, such loss could not be the cause of the comparatively
much lower magnitude and temperature of maximum relative PHV of WM-O
{Tables 2 and 3) compared to its crosslinked modifications. This suggests
that this observation is not due to matching of refractive index, neither
to shearing (as shown by gravity flow) but to another factor, like low

temperature tolerance to fragmentation.

Mechanical Degradation Kinetics Studyv

With the conventional FDLMP and with the Brabender amylograph, shear
and temperature are two intertwined variables. The photopasteograms and
the amylograms present a measure of their combined effects. In the gel-
atinization temperature determination by microscospy, shear is eliminated,
but as was mentioned, the method is too subjective and scatistically lim-
ited. With gravity flow FDLMP shear was alsc eliminated, but quantitation
was uncertain.

With the off-line FDLMP, the possibility of measuring the effect of
the two variables separately with statistical validity, certainty, and
ease became evident. Heating the starch slurrv tc a given temperature
before subjecting it to the comstant shear of the impeller pump and making
measures at definite time intervals would yield data to generate curves
showing how the starch sample at that certain temperature would be changed
by shear alone. Extrapolation of the curves to time zero, i.e. before
the sample is exposed to shear would vield values showing how the starch
sample was changed by temperature alone.

Figs. 19-22 show how the relative PHV for each starch sample at vary-

ing temperatures was affected by the impeller pump. As might be expected,
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at temperatures prior to pasting, the degradation curves were just horizon-
tal lines with zero slope meaning the granules before the onset of pasting
were invulnerable to shearing by the impeller pump. At higher temperatures
(e.g. 75°C and above for WM-.05 and WM-.08), the slope of the curves became
hicher, meaning that the starch granules on pasting became fragile and vul-
nerable to shear. After maximum pasting, response to shear went down

again. This is illustrated by WM-O (Fig. 19) and at SOOC, irs curve approx-
imated a horizontal line again. This point was not reached for the cross-
linked samples; at B7 and 89°C their curves still had the steeop slopes
meaning their tolerance te fragmentation by temperature was still high.

The absolute slope of the degradation curves in gzeneral had this
order: WM-.05% WM-.08> WM~ 0> WM-.13. Considering the crosslinked star-
ches alone, the results indicated that fragility of the pasted granules
decreased with crosslinking.

A quick look at the slopes of the degradation curves for all the
samples might lead one to think that WM-0 pasted granules were less frag-
ile than WM—105 and WM-.08 because of the low slopes of WM-C. A closer
study of the curves, however, would reveal that the tolerance of WM-0
to fragmentation was low. Degradation due to pasting must have been going
on already in WM-0 to such an extent that the potential of the granules
to further degradation by shear was already comparatively low. This leads
to the conclusion that the ccomparatively low magnitude and temperature of
maximem relative PHV of WM-D (Tables 2 and 3) compared tc its crosslinked
modifications is due to low temperature tolerance to fragmentation.

In contrast, the almost parallel degradation lines at different temo-
eratures most evident in WM-.05 and to a less extent in WM-.08 indicate a

tolerance to variation of temperature for pasting as well as nearly the
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same rate of mechanical degradation due to shear even at these different
temperatures.

It is interesting to note that though the degradation curves of
WM=-.13 did not depart from the indicated trend of decreased fragility with
increased crosslinking (WM-.05> WM-.08> WM-.13), unlike those of the others,
their slope is positive. This would suggest that added to resistance to
shear was another phenomenon contributing to relatiwve PHV and thus opposed
to the expected effect of shearing. Scanning electron micrographs of
crosslinked waxy corn starch at 85°C showed the granules very convoluted
and folded (43). Chabot et al (22) reported that Brabender cooking of
modified waxy corn starch resulted in elongation and stretching of the
granule. This could account for the phenomenon contributing to relative
PHV. What the shearing of the Brabender amylograph did to the modified
waxy corn starch, the Microtrac impeller pump shearing could have accom-
plished with WM=-.13, increasing its relative PHV. The same could also
have been happening to WM-.05 and WM-.08 but to a lesser extent, and since
they were more fragile, decrease in relative PHV was the predominant effect,
hence the negative slope of their curves.

Extrapolation of the degradation curves to time zero, i.e., to the
time before the granule was exposed to shearing by the impeller pump
gave values lower than gravity flow for WM-0, WM-.08, and WM-.13, but
higher for WM-.05. For instance, at TSOC, WM-.08 and WM-.13 extrapolated
relative PHV values were6% and 5% lower than those of gravicy flow, respec-
tively. The difference progressively increased with temperature. The
deviations could be due to the probable greater rate of shearing during
the first 23 seconds during which the analyzer was not vet taking readings.

Again, the aforementioned experimental difficulty and concomitant uncer-
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tainty of the quantitation with gravity flow could bz a contributing fac-
tor.

Figs. 23-26 each contains a series of photopasteograms constructed
from the mechanical degradation curves. They also give an idea as to where
in the time range of exposure to shear, the conventional rDLMP parameters,
those of gravity flow, and those of the peristaltic pump were measured.

Only the FDLMP of WM-O fell within the time range of the kinetics
studv. A longer snearing time would be necessary for the other three.
Puzzlinglvagain, WM-.13 seemed to need less shear exposure to approach con-
vantional FDLMP values (Fig. 26), as if the cumulative shearing during the
wnole pasting process had produced less effect than the 248 seconds of the
kinetics study. But then if it is recalled that though 248 seconds of
shearing action could result in elongation and unfolding of the convoluted
granules to produce a slight increase in PHV, cumulative sheariag through
the entire pasting process could go beyond unfolding into fragmenting,
then this observation becomes reasonable. |

Fig. 23 shows that the relative PHV of the conventional FDLMP and
that with the peristaltic pump of ¥M~-0 both peaked at TZOC, that with
gravity flow at 7300, and that of the kinetics study at 71°C.  The higher
temperature of maximum relative PHV with gravity flow could be attributed
to minimal shear. The lower temperature Ior the kinetics study could be
due to the fact that thouglh the temperature ramp was kept as identical
as possible, all the other 3 methods had the slurry continuocusly circula-
ting and being cooled on the line unlike in the kinetics study where the
starch slurry was subjected toc a more sustained heating.

0Of the three temperatures of maximum relative PHV for WM-0, the one

from the off-line method, 7l°C, must be the real one since it is where
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the extraneous condition of cooling on the line was not introduced.

Figs. 24 and 25 underline the similarity in behavior between WM-,05
and WM-.08 which was also manifested by the amylograms. Evidence of shear-
ing both began just beyond 73°C and vulnerability to shear was both great-
est at 75°C. The photopasteograms also indicate how much more fragile
WM-.05 was than WM-.08. Fig. 26 shows the interesting effects on WM-.1l3
of negligible shear (gravity flow), some amount of shear (kinetics study),
cumulative shear (conventional FDLMP) and little shear but crushing action
(peristaltic pump).

Of the three FDLMP modifications here emploved, namely; that with
gravity flow, that with the peristaltic pump, and the off-line method of
the kinetics study, the latter holds the most promise for development into
an easy, quick, and practical starch pasting measure method. Gravity flow,
the writer believes, is not worth the trouble unless as in this werk it
was done to answer a question that had a more important implication - to
find out just what kind of pasting measure the FDLMP data was affording.
Except for the easier circulation of sample slurryv, the peristaltic pump
method had no merits to it. It lacks the only advantage of gravity flow,
negligible fragmenting effect. It has all the drawbacks of gravity flow—
difficult simulation of water conditioning and time-consuming dismantling
and clean-up after running each sample: plus some of its own—spattering,
changing flow.

For the study of the overall pasting process centinucusly and as it
occurs, conventional FDLMP has its merits. Perhaps it is even better
that the impeller pump shears the pasted granules. Pasting strength and
other properties associated with it are more important than actual granule

size where functionality is concerned.



Another limitation of the conventional FDLMP, in addition to the
list given under Review of literatures, i1s the inability to observe pasting
in the presence of other substances such as acid or salts due to uneconom-
ical amounts necessary and possible harmful effects of the chemicals to
the equipment. It must be pointed out, however, that chough the lower
limit for size may cause some of the finer material leached out to escape
detection, still the FDLMP has advantage over traditiomal turbidimetry even
with the improvement by Kainuma in that in the FDLMP, a 13-channel histo-
gram, provides the distribution of the particles re sizes throughout the
pasting process. Also, though the point of loss of birefringence, which
anyway is not sharp, is not indicated by FDLMP, the temperature range of
initial rise to maximum relative PHV approximates it (see Tables 1 and 2).
This temperature range is determined with more constancy.

Some other advantages of the conventicnal FDLMP in addition to those

enumerated under Review of Literature are:

1. The simplicity of operatiom requiring little or no operator skill
after acquainting oneself with the equipment.

2.' The total lack of subjectivity of the results obtained.

3. It consumes but little sample (.25 g to .5 g) and yet a large
number of particles are measured at the same time and continuously.

4. The optical responses are quantitative measures and in the case

of crosslinked starches, they are even linearly correlated to the degree

of crosslinking (see Figs. 5 and 6).

Qff-line FDLMP Parameters

Quantitative interpretation of photopasteographic data is desirable

to allow numerically expressed differentiation between starches of even



subtly varving functionalities. Further analvsis of the off-iine data
obtained on the chemically modified waxy rcorn starches zllows cne to select
a well-specified methed to quantitatively differentiate members of this
particular group.

Table 4 gives the pasting parameters of off-line FDLMP at different
time exposufes to shear. The initial diameter (median diameter at 40°0)
was practically not affected by the shearing, but the maximum median diam-
eter was. The maximum median diameter of WM-0 was rather fluctuating and
did not show the steady decrease of WM-.05 and WM-.08. This could be due
to the fact that at 78-80°C when most of the WM-0 granules had been frag-
mented, the median diameter value was more dictated by fewer particles.
The decrease in maximum PHV of WM-.05 and WM-,08 with exposure to shear
was accompanied by the decrease in median diameter; the increase in maxi-
mum PHV of WM-.13 was accompanied by aﬁ increase in median diameter. It
is probable that the maximum diameter obtained with the off-line FDIMP is
closer to the true value than with gravity flow because of the absence of
the bubble'and condensing water vapor problems in the former method which
at higher temperaztures (720C and above) plagued gravity flow.

The order of maximum relative PHV obtained by extrapolation to zero
time (WM-.08> WM-.05> WM-.13> WM-0) was not identical to that of gravity
flow (WM-.08> WM-.13> WM-.05> WM-0). It was due either to the difficulty
and possible error in the extrapolation of the steep curves or to the oft-
mentioned uncertainty of measurement with gravity flow. The writer is
inclined to trust the off-line data more than that of the latter. After
27 seconds of shear, the order of maximum relative PHV became identical to
that of gravity flow; but from 53 seconds on, the order became that of the

conventional FDLMP. "
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Determination of the Degree of Crosslinking by 0ff-line FDLMP

Fig. 27 shows the relationship between the amcount of crosslinking
reagent used and the maximum relative PHV at the different time expeosures
to shear. The change of the curves with time exposure to shear implies
the need for a standard procedure emphasizing the time factor if the off-
line FDLMP is to be used. Fig. 27 also reveals that the linear relation-
ship between maximum relative PHV and crosslinking was attained after 209
seconds of shearing time. However if measures are to be takan during the
entire pasting process after 209 seconds of shear at =very other degree
centigrade as was done here in order to obtain the maximum relative PHV,
the method would still be needlessly time and energy consuming (nearly
3% hours/sample if the 1°c/4 min ramp is used). It would be much simpler
and more efficient if measurements cculd be made only at two temperatures:
one before pasting and another during pasting. Fig. 28 indicates that a
temperature of 77°C and a shearing time of 209 seconds give the linear
relationship between relative PHY and degree of crosslinking.

In itself Fig. 28 is a calibration curve for determining degree of
crosslinking of modified waxy corn starches. The same curve could have
been prepared by using the following procedure: HKeat ca. 210 ml of water
to 40°C. To this add a suitable amount of weighed starch sample (1.0 g for
WM-0, .5 g for the crosslinked starches). Provide for a gentle stirring
and constant ,rate of heating of the slurry. Allow the starch to disperse
for about 10 seconds and pipet 100 ml of the slurry into the sample bowl
of the Microtrac Analyzer which had previously been zeroed. After 202
seconds, take a reading. Continue to heat the slurry {(in this work a
temperature ramp of lOC/4 min was used) to 770C, then repeat what was

done at 40°C. Divide the PHV reading at 77° by that at 50° to get the
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relative PHV at 77°. Plot this value against the degree of crosslinking.

Recommendations

It is not possible to dictate from this study alone standard times,
concentrations, temperatures or treatments fer quantitative pheotopasteo-
graphy to directly compare starches or individual members of all starch
groups, but some suggestions can be given. FEven the foregecing procedure
for crosslinked corn starches should still be improved. The temperature
ramp of 1°C/4 min. needs looking into. The writer thinks it is toe slow
a rate of heating if practicality, economics and realistic conditioms are
to be considered. Cook and.Axtmayer (46) found 1.5 to 2 min./°C as satis-
factory. Kainuma et al. (10) employed a 2°C/min. ramp. The temperature
before pasting at which measurement was made (AOOC) should perhaps be
raised to 55°C or even higher as no significant changes seemed to happen
below that temperature. It might even be probable with more careful weigh-
ing to totally eliminate taking a measurement at a temperature below pas-
ting. Another point that perhaps needs consideration is the pH at which
measurements should be made since pH is an important factor in starch
pasting.

In general, any procedure to be developed will have to depend on the
functional properties to be attained by the product for which the starch
pasting measure is to be made., Considerations might be taken as to what
temperature the water or suspension medium is to be heated before adding
the starch sample. This can lead to much time saving. The rate of heat-
ing is important as unnecessary slow rates should be avoided. The amount
of starch sample needed will depend on up to what temperature measures

are to be taken and optimum slurcty concentration. It is well to use a
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slurry concentration that at maximum pasting will approach maximum PHV
that the detector and micro-processor can take without overloading.

For roots and tuber starches, for starches in which modification
leads to hastened swelling, for slurries to which reagents like acid has
been added hastening granule expansion too, it might be necessary to be-
gin taking measures at as low as 55°C or lower and anticipate a low
stopping point {about SOOC). For cereal starches and for starches in
which modification and/or addition of chemicals to the sample slurrv in-
hibits or retards swelling, it might be practical to begin taking measures
at 60°C or higher and also anticipate a higher temperature (about 950 or
higher) at which to stop if the entire process down to fragmentation of
the granule is to be characterised. Taking readings at every other degzree
centigrade though convenient might be unnecessary. A 4 or 5°C interval
at the lower temperatures and 3 or 2°C as maximum pasting is approached
might be better.

Time allowed for the dispersion of the sample in the mixing bowl
before taking the first reading is verv important and must be kept

constant for each procedure developed.

Conclusion

To summarize, this work indicated:

1. That the determination of gelatinization temperature range is
subieccive and inadequate to indicate the extent of crosslinking of the
starches.

2. That FDLMP can give an approximation of gelatinization temper-
ature range.

3. That as expected, crosslinking in the particular starches used



decreased peak viscosity and helped maintain high viscosity as was shown
by the Brabender amylograms.

4, That the conventional FDLMP data did not reflect realistic values
of granule size increase on pasting because the Microtrac impeller pump
was shearing the pasted granules.

5. That the conventional FDLMP gave linear response to the degree
of crosslinking because it measureé the fragility of the pasted granules
and crosslinking increases granule strength.

6. A model for differentiation among members of starch sets by an
off-line modification of the conventional FDLMP.

The writer believes that further impreoved, the conventional FDLMP
and its off-line modification can be a powerful tool not only in captur-
ing the "elusive" starch granule and shedding light cn the "anomalies™
of starch chemistry, but also in the less glamorous but equallv important

task of controlling quality in production.
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Brabender Amvlograph Data

1. With 700 g cm cartridge

APPENDIX A

75

Peak/Shoulder Final Temperature
Starch Sample Viscosity Viscosity of Initial Rise
Sample No. (B. U.) (B. U.) (°c)
WM-0 1 685 (p) 245 82.1
WM-.05 1 520 (s) 590 81.5
2 520 (s) 605 82.0
3 520 (s) 580 &1..0
WM-.08 1 435 (s) 520 81.5
WM-.13 1 57 (s) 195 82.2
Monarch 1 120 (p) 80 85.2
2 120 (p) 90 85.2
3 105 (p) 67 86.0
2, With 350 g cm cartridge
Starch Sample Temperature
Sample No. of Initial Rise
(%)
WM-0 1 80.3
2 80.4
3 81.0
WM-.05 1 80.8
2 80.8
3 80.8
WM-.08 = e 80.9
2 50.8

continued
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Starch Sample Temperature
Sample No. of Initial Rise
°c)
3 80.8
WM=-.13 1 8.3
2 80.6
3 80.4
Monarch 1 83.5
2 83.5
3 84.0
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Relative PHV's of Off-line FDLMP at Different
Time Exposures to Shear

79

1. at 75°%C
Sample 79 seconds 105 seconds 15 seconds 209 seconds 235 seconds
WM~0 .8 .76 .67 .61 .hG
WM~,05 15.52 1371 11.93 10.91 10.05
WM-.08 17.20 16.75 15.52 14.68 14.20
WM~-.13 17.78 18.09 18.75 18.73 18.88

2. At 77°%

Starch £11 ts t17 18
Sample 15 seconds 209 seconds 235 seconds 248 seconds
WM-0 .39 .37 .34 .35
WM-.05 8.78 7.15 6.49 6.30
WM-,08 12.99 12,18 11.26 11.05
WM-.13 19.17 19.44 19.46 19.83
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The pasting of waxy corn starch and its crosslinked modification
was observed and measured using Fraunhofer diffraction laser multi-
channel photopasteography (FDLMP), viscometry, and microscopy. FDLMP
gave quantitative and linear responses to the degree of crosslinking
and an approximation of the gelatinization temperature range. The
Brabender amylograph showed that crosslinking decreased peak viscosity
but helped retain high viscosity. The determination of gelatinization
temperature by microscopy proved inadequate to indicate extent of cress-
linking.

FDLMP data appeared unrealistic in the median diameter wvalues of
the pasted granules and its response to pasting. The unrealistic data
was gound to be due to the pasted starch granules being sheared by the
impeller pump of the Leeds and Northrup Microtrac Particle Size Analyzer,
the basic instrument for FDLMP, by using gravity flow in place of the
impeller pump for the circulation of the starch sample.

A simpler and more flexible off-line modification of the conven-
tional FDLMP was developed. The method involves heating the dispersion
medium off-line, dispersing the weighed starch sample into it, pipetting

an aliquot of the slurry into the Microtrac Analvzer mixing bowl, taking

Q

-

a reading after 202 seconds; in the meantime heating the slurry to 77 C
at which measurement similar to that at 40°¢c is made. The optical

response at 77°C is divided by that at 40°C and read against a similarly

prepared calibration curve of optical response vs, degree of crosslinking.



