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Cenkowski, S., Ramanathan, S., Scanlon, M.G. and Dexter, J.E. 1998.
Thermodynamic and functional properties of mechanically
compacted flour. Can. Agric. Eng. 40:035-045. Compaction of flour
can be beneficial as it may prevent or slow down the diffusion of
oxygen into the flour and thereby reduce enzymatic activity within the
flour and infestation by mites and microorganisms. Also, the reduction
in volume through compaction would facilitate relatively easier
mechanical handling and reduce the space requirement for storage and
transportation. The overall objective ofthis research was to determine
whether mechanical compaction of flour would adversely effect its
thermodynamic and functional properties. Two different grades of
flour were used in this investigation: a low extraction (64%) patent
flour and a high extraction (79%) straight grade flour. Loose flour was
compacted mechanically, which corresponded to a reduction in flour
volume of 55%, and exposed to sorption desorption tests. Dough
prepared from treated (compacted and reconstituted) and loose flour
was exposed to standard empirical and imitative rheological tests. The
analysis involved determination of the sorption desorption
characteristics, the specific area of the absorption sites, heat of
sorption and desorption, free energy changes, and rheological tests
including farinograph, mixograph, viscoamylograph, alveograph, wet
gluten content, short baking tests, and capillary rheometer tests for the
treated and control flours. In general, compaction and reconstitution of
flour had no adverse influence on the thermodynamic and rheological
behaviour of the dough.

La compaction de la farine peut etre benefique puisqu'elle ralentit
la diffusion .d'oxygene dans la farine, reduisant ainsi I'activite
enzymatique et I'infestation par les mites et les micro-organismes. De
plus, la reduction de volume obtenue par la compaction facilite la
manutention, Ie transport et I'espace requis pour l'entreposage.
L'objectif general de cette recherche etait de determiner si la
compaction mecanique de la farine avait des effets defavorables sur les
proprietes thermodynamiques et fonctionnelles de la farine. Deux
categories de farines furent utilisees lors de cette experience: une
farine afaible taux d'extraction (64%) et une farine combinee ahaut
taux d'extraction (79%). La farine fut compactee mecaniquement pour
obtenir une reduction de volume de 55%, et soumise a des tests
d'adsorption/desorption. Les pates preparees apartir de farine traitee
(compactee et reconstituee) et de farine non compactee furent
soumises a des tests rheologiques standards. Les analyses
comprenaient la determination des caracteristiques
d'adsorption/desorption, de I'aire specifique des sites d'adsorption, de
la chaleur d'adsorption et de desorption, et des changements
energetiques, des tests rheologiques incluant la farinographie, la
mixographie, la viscoamylographie, l'alveographie, la teneur humide
en gluten, des tests de cuisson rapide, et des tests avec un rheometre
capillaire. En general, la compaction et la reconstitution de la farine
n'eurent pas d'effets defavorables sur les comportements
thermodynamiques et rheologiques de la pate.

INTRODUCTION

There are a number offactors that can affect the quality offlour
during storage and shipment. Changes in flour temperature and
its moisture can occur due to environmental conditions.
Transporting flour in rail cars or ship cargoes will inevitably
expose the flour to diurnal temperature cycles. Changes will
also occur during storage ifhumid air enters a bin through open
atmospheric vents, through a pneumatic conveying system, or
from migration ofmoisture from the air to flour if it is stored in
bags.

F]our is hygroscopic and tends to sorb or desorb moisture
depending on the relative humidity of the surrounding air. The
increase in the moisture content results in an increase in water
activity within the product which. is conducive to microbia]
growth and enzyme activity. Also, it is we)) known that
moisture sorption by flour can cause significant changes in its
physical characteristics, most notably a decrease in its bulk
density and an increase in its cohesiveness (Peleg ]977). This
in tum leads to caking and hence affects the storage stability.
Any decrease in moisture content results in a net loss in the
mass of the flour. Moisture sorption isotherms of flour, starch,
and protein at different storage temperatures and their
relationship to storage stability and quality retention of flour
have been considered by numerous researchers in the past
(Anker et al. ]942; Sair and Fetzer 1944; Pauling ]945; Morey
et al. ]947; Benson et al. 1950; Bushuk and Winkler ]957;
Kumar ]974; Henderson and Pixton ]982; Mok and Dick
]991).

Flour is compressible and a considerable increase in density
can be caused by static pressure, mechanical compaction, and
exposure to mechanical vibration. Compaction of flour can be
beneficial as it may prevent or slow down the diffusion of
oxygen into the flour and thereby reduce enzymatic activity
within the flour and infestation by mites and other
microorganisms. Also, the reduction in volume through
compaction would facilitate relatively easier mechanical
handling and reduce the space requirement for storage and
transportation. Weiland (1977) reported that the compacted
flour granulate, after being ground to flour, imparted improved
baking properties to the baked goods.

The overall objective of this research was to determine
whether mechanical compaction of flour would influence its
thennodynamic properties and adversely affect functional
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properties. The specific objectives were to: (i) investigate the
influence of flour compaction on moisture sorption hysteresis
patterns of flour at three different temperatures 10, 25, and
40°C; (ii) validate the data using the three parameter Modified
Halsey equation; (iii) determine the thermodynamic changes,
such as the Gibbs free energy change of sorption and the heat
of sorption values using the Clausius-Clapeyron equation, as
influenced by flour compaction; (iv) determine the BET
monolayer values as influenced by flour compaction; and (v)
compare the fundamental and empirical rheological properties
ofa flour-water dough prepared using non-compacted flour and
flour reconstituted after compaction.

MATERIALS and METHODS

Description of samples
Flour used in this study was milled from Grade No.1 Canadian
Western Red Spring (CWRS) wheat of the 1993 crop in a pilot
scale flour mill at the Grain Research Laboratory, Canadian
Grain Commission, Winnipeg, MB according to milling
method proposed by Preston and Dexter (1994). The protein
content, ash content, and falling number ofwheat were 12.0%,
1.58%, and 420 s, respectively. Flour was milled using wheat
conditioned to a moisture content (mc) of 15.8% wb (wet
basis). Two different grades of flour were used in this
investigation: a low extraction (64%) patent flour and a high
extraction (79%) straight grade flour. The protein content and
ash content were 11.8 and 0.49%, respectively, in patent flour
and 12.3 and 0.76%, respectively, in straight grade flour. Both
flour grades after milling had 13.9% wb mc (method 44-15A,
AACC 1995).

Determination of water activity of flour
A Novasina aw meter (Model 61 14, Novasina aw Center, Zurich,
Switzerland) was used for the determination of water activity
(aw) of all samples which included compacted and non
compacted samples of both flour grades.

To prepare samples for the determination of sorption
(adsorption orabsorption) characteristics, approximately 1.5 kg
of the 13.9% initial mc flour were dried in an air-oven at 40
45°C and 10-20% relative humidity until the samples reached
approximately 5% moisture content. At this low moisture
content, the flour was divided into 6 equal sub-samples and
exposed to a high humidity (about 90%) environment at a
temperature of 10°C for progressively increasing periods of
time until the designated sub-samples reached approximately 6,
8, 10, 12, 14, and 16% mc. The sub-samples were transferred
into plastic ziploc bags and stored at 10°C till the next day.

Samples used for the determination of desorption
characteristics were prepared as follows. Approximately 1.5 kg
of the 13.9% initial mc flour was hydrated by exposing a thin
layer of flour to a relative humidity of 90% and a temperature
of 10°C until the samples reached about 17.5% mc. Next, the
flour was divided into 6 equal sub-samples and exposed to a
drying temperature of40-45 °C and a relative humidity of 10%
for progressively increasing periods oftime until the designated
sub-samples reached approximately 16, 14, 12, 10, 8, and 6%
mc. The sub-samples were transferred into separate plastic
ziploc bags and stored at 10°C prior to aw measurement.

Flour pellets, for the determination of sorption and
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desorption characteristics ofcompacted flour, were prepared on
a single-punch tableting machine (Manesty Type F3, Liverpool,
England) using a 12.8 mm diameter punch and die set. A flour
sample of0.8 g was compacted in the form ofa small pellet of
diameter and height approximately 12.8 mm and 5.3 mm,
respectively. The original height ofthe flour before compaction
was 11.8 mm, corresponding to a reduction in flour volume of
55% (standard deviation ± I%). Two layers of pellets, with
each layer having about 7 pellets, were placed in the sample
bowl for aw determination. The same procedure was repeated
for each of the 12 flour sub-samples that had been conditioned
for sorption and desorption isotherm tests.

The aw determination was conducted in triplicate for each of
the samples. Prior to the determination ofaw ofnon-compacted
(loose) flour and compacted flour pellets, the samples were
equilibrated at the temperature at which they were to be tested
(10,25, and 40°C) for 1 h. Approximately 7.5 g ofloose flour
or two layers ofpellets were placed in a sample cup which was
positioned under a humidity sensor inside the aw meter. The
approximate equilibrium was reached in 60 min for loose flour.
Compacted flour in the intermediate mc range required 2 to 4
h to reach equilibrium and 4 to 6 h in the low and high mc
range. Once equilibrium was reached, the aw value of the flour
was recorded and the moisture content of the sample
determined. Thus, a series ofsorption and desorption isotherm
data were obtained for loose flour and compacted flour pellets
at three different temperatures 10,25, and 40°C and for the two
flour grades. In the case ofcompacted flour pellets, subsequent
to equilibration, the pellets were reconstituted using a mortar
and pestle and the moisture content of the flour was then
determined.

Preparation offlour for empirical and imitative rheological
tests
The high and the low extraction flour at 13.9% wb mc were
used in these tests. A similar arrangement as in compaction of
flour pellets was used for the compaction offlour for the dough
tests except that the compaction cylinder had an inside diameter
of27 mm and a height of235 mm. To reach the required 55%
volume reduction, the average pressure exerted on the patent
and straight grade flour samples (65g each) was 7.6 and 6.6
MPa, respectively. The loading rate was kept constant at 100
mm/min. The compacted flour cylinders were stored for a
month at 10°C.

Empirical and imitative rheological tests
The following empirical rheological measurements ofa dough
were performed following the Approved Methods of the
American Association of Cereal Chemists (AACC 1995).
Water absorption by flour, dough development time, mixing
tolerance index, and stability were determined using a
farinograph (Brabender Instruments Inc., South Hackensack,
NJ) according to method 54-21 (AACC 1995). The mixograph
peak time for dough and its mixograph peak height were
determined using a mixograph (Bodine Electric Co., Chicago,
IL) according to method 54-40 (AACC 1995). The amylograph
peak viscosity of dough was determined using the visco
amylograph (Brabender Instruments Inc., South Hackensack,
NJ) following method 22-10 (AACC 1995). Alveograms were
obtained with an MA 82 Alveograph (Chopin SA, Villeneuve
La-Garenne, France) at 50% water addition (15% flour wet
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information on the availability or lack of sorptive sites in the
flour due to compaction. The specific surface area can be
calculated as:

where:
So = specific surface area of the adsorbent (m 2/g),
M 11

2
0 = molecular weight of water (18 g!mol),

No =Avogadro's number (6.023 x 1023 molecules/mol),
A

II20
= area occupied by single water molecule

(10.6 x 10-20 m2
).

Heat of sorption and desorption
When water vapour is adsorbed or absorbed on a surface, a
quantity of heat called the heat of sorption is released. When
sorbed water vapour is desorbed, a quantity of heat is required
(the heat of desorption). This quantity is a measure of the heat
or energy that must be added to break the intermolecular
attractive force (typical of a dehydration step). Thus, heat of
sorption or desorption indicates the binding energy or the
intermolecular attractive forces between the molecules ofwater
vapour and the surface ofthe sorbent (Chung and Pfost I967a).

In general, sorption phenomena obey the Clausius
Clapeyron relationship (Labuza 1968):

(4)

(2)

(3)
d(lnal\') Qs

=--
d(l/ T) R

where: ao = free energy change of sorption or desorption
(J/mol).

tJ.G = RTlna...

where:
Qs = the heat due to site interaction (l/mol),
R = universal gas constant (8.314 J mol-) K-),and
T = temperature (K).

When values ofln(aw) are plotted against the reciprocal of
absolute temperature (at constant moisture content), a straight
line is obtained and the slope of the line is -Q /R. As the
moisture content increases, heat Q s decreases and finally
becomes almost equal to the heat of vaporization of water and
hence the slope ofthe line decreases to zero. The determination
of heat of desorption values is important in the process of
dehydration as these values give an indication ofthe amount of
heat, in addition to the heat of vaporization, which must be
added to achieve the drying process.

Free energy change of sorption and desorption
Free energy change is the energy required to transfer the water
molecules (being in the vapour state) to the surface of a solid
(in a desorption process) or vice versa in an adsorption process
(Chung and Pfost 1967a). The free energy can also be
considered as a measure of the work done by the system to
accomplish the sorption or desorption process. The free energy
change of sorption or desorption can be expressed as:

(I)

where:
Mm = monolayer moisture content: the moisture content at

which all the active sorptive sites are covered by a
monomolecular layer of water (% db),

M = equilibrium moisture content (% db),
aw = water activity (fraction), and
C = constant related to the net heat of adsorption.

A plot of aj[(l-aw)M] vs ~. gives a straight line and from
the slope and intercept of this line the monolayer coverage
parameters (Mm and C) can be calculated.

Because ofthe simplified assumptions ofthe BET isotherm
equation, the equation generally holds only at water activities
from about 0.1 to 0.5 (Labuza 1968). The value of M m can be
used to calculate the specific surface area of the adsorbent
based on the assumption that the monolayer moisture is
adsorbed on the entire surface of the adsorbent. The
determination of the monolayer values can give additional

moisture basis) as recommended in the ICC procedure
(Standard No. 121, ICC 1980). Flour starch damage was
determined according to method 76-30A (AACC 1995). The
wet gluten content of flour was determined according to the
ICC procedure (Standard No. 137, ICC 1980). The remix loaf
volume baking test of the Canadian Test Baking Procedures
was conducted as per the method proposed by Kilborn and
Tipples (1981).

In the imitative rheological tests, a capillary extrusion
rheometer was used to obtain information on flow behaviour of
the dough prepared using the compacted and non-compacted
samples of both flour grades. A detailed description of the
procedure and method of analysis of the data is described by
Ramanathan and Cenkowski ( 1995).

Reconstitution methods
The compacted flour pellets and flour cylinders were
reconstituted using different devices: a juicer (Model 0-5
N0853S, Plastaket Manufacturing Inc., Lodi, CA), bran
finisher (Buhler Brothers, Toronto, ON), hammer mill (Falling
Number Laboratory Mill 3100), and burr mill (Hobart
Corporation, Troy, OH). Reconstitution was done on a
continuous basis. The compacted flour was continuously fed
from one end and the reconstituted flour was collected in the
other end.

ANALYSIS OF DATA

Specific surface area
The isotherm model with the greatest popularity (Labuza 1968)
in all fields of interest is the BET isotherm equation after the
work of Brunauer et al. (1938). The basic assumptions of the
BET equation are: (i) the heat ofsorption of water for the first
layer is constant and is equal to the sum of the total heat of
vaporization and heat due to site interaction (Qs); (ii) the heat
ofsorption ofwater for all layers above the monolayer is equal
to the heat ofvaporization; (iii) sorption occurs only on specific
sites. The BET equation is:
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Fig. 1. The desorption and sorption isotherms of patent
and straight grade flour compacted to 550/0 by
volume. The arrows indicate corresponding axes.

Effect of compaction on moisture sorption and desorption

The desorption and sorption isotherms ofcompacted patent and
straight grade flour at 10,25, and 40°C are given in Fig. 1. The

The free energy change of desorption was found to be
greater than that ofsorption (Chung and Pfost 1967a) and was
found to decrease with an increase in moisture content (Chung
and Pfost 1967b):

error bars indicate the 95% confidence limits (CL) for the mean
water activity value. The differences between the desorption
and sorption isotherms may be due to the initial conditioning of
the samples (Chung and Pfost 1967b). In desorption tests, the
samples were brought up to a high initial moisture content first
and this accounts for the anticipated swelling of the flour
particles. The amount ofsorptive sites available for sorption of
water molecules was considerably increased. In the case of
sorption tests, the samples were brought down to a low initial
moisture content first and this accounts for the anticipated
shrinkage of the flour particles. Thus, the amount of sorptive
sites available for further sorption of water molecules was
considerably decreased. This phenomenon of swelling and
shrinkage caused a hysteresis to occur between the desorption
and sorption isotherms (Chung and Pfost 1967c). The data in
Fig.1 do not indicate any significant difference (95% CL)
between the two compacted flours. In addition, the same
(sorption desorption) experiments conducted with the reference
(loose) flour gave data that were not significantly different
(95% CL) from the compacted products.

The sorptive capacity of flour is an internal hygroscopic
property. Therefore, flour constituents, mainly starch, gluten
proteins, and different solubles are accountable for it (Gur
Arieh et at. 1967). Based on the fact that the -OH group is the
point ofattachment for water, Sair and Fetzer (1944) attributed
the sorptive capacity offlour to its starch content. If the degree
of association of water molecules with cereal starch was
disrupted due to compaction, then the compacted flour would
sorb more water than the non-compacted (reference) flour
because of a high percentage of free -OH groups. However,
based on our water activity data, this was not observed. Note,
in this series of experiments, that the flour pellets were not
reconstituted. Hence, it can be stated that compaction of flour
to 55% ofvolume did not cause starch damage ofa significant
magnitude to alter the moisture sorption or desorption
characteristics of the flour.

Temperature in the range studied (10, 25, and 40 °C) had a
marked influence on the moisture sorption/desorption
behaviour of flour. The desorption and sorption isotherms of
non-compacted flour and compacted flour pellets were
significantly (95% confidence) influenced by temperature. This
contradicts the findings of Henderson and Pixton (1982) who
observed that temperature (5, 15, and 25°C) had little influence
on the equilibrium moisture content of flour. In our
experiments, hysteresis also decreased with an increase in
temperature. This is in agreement with the findings of Wolfet
at. (1972).

Isotherm equation

A non-linear regression procedure (Proc NLIN, SAS 1985) was
used to estimate the parameters of Eq. 6 for the sorption and
desorption isotherms ofcompacted flour pellets. The parameter
estimates with their standard error and confidence intervals
(95%) are indicated in Table I. The parameters calculated for
non-compacted flour were not significantly (95% CL) different
from those of compacted flour pellets in either desorption or
sorption for both flour grades. Therefore, Table I presents only
the parameters of Eq. 6 for compacted flour. Iglesias and
Chirife (1976) obtained parameter estimates based on the
experimental data of Bushuk and Winkler (1957) and the

(6)

(5)

0.80.2 0.4 0.6

water activity, 8w (fraction)
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where:
t = temperature (OC), and
A, B, C = constants that are temperature independent.

where a, b = constants that are temperature dependent.

Isotherm equation

There are a number of isotherm equations available to model
sorption or desorption phenomena (Young and Corwell 1962).
The isotherm equation employed here is a three-parameter
Modified Halsey equation proposed and shown to be valid for
wheat flour (Halsey 1948; Bushuk and Winkler 1957; Iglesias
and Chirife 1976):
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Table I: Estimates of parameters of modified Halsey equation (Eq. 6) with
their standard errors for the patent and straight grade flour
compacted by volume to 55%.

0.8

0: c

0.2 0.4 0.6

Water activity, 8w (fraction)

Verification of modified Halsey equation (Eq. 6)
on desorption data for compacted flour pellets of
patent and straight flour. The arrows indicate
corresponding axes.
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Fig. 2.

sorption is the sum of heat of sorption and heat of
condensation. The total heat of sorption or desorption
decreased with an increase in moisture content, approaching
the heat of condensation or the heat of vaporization (dotted
line at 43.5 kJ/mol). At low moisture contents, water adheres
tightly to the polar sites thus increasing the heat ofsorption or
desorption that is necessary to disrupt the intermolecular

attractive forces. At higher moisture
contents, water is sorbed on multilayers
and hence it behaves more like free
water.

An analysis of the results using the
paired t-test (SAS 1985) shows that the
total heat of desorption for the loose
flour is significantly greater (95% CL)
than that ofthe compacted flour pellets in
the moisture content range of 7 to 11 %
wb for patent flour. Beyond this range
the difference between the heat of
desorption for compacted and loose flour
is statistically insignificant. However, for
adsorption conditions, the difference in
heat of sorption between the loose flour
and compacted flour pellets at any
moisture content was insignificant (95%
CL).2.10

2.07

5.28

5.26

Straight Grade Flour

-0.0134

-0.0135

Estimate

Patent Flour

Estimate Std. Error

5.23 0.129

-0.0138 0.00120

2.07 0.0480

5.40 0.127

-0.0129 0.00120

2.16 0.0470

B

C

A

A

c

B

Parameter

Sorption

Desorption

Compacted Flour

results ofthe present work are in agreement with their findings.

Using the parameter estimates, the aw values were predicted
using Eq. 6 for non-compacted flour and compacted flour
pellets conditioned for desorption and sorption characteristic of
both flour grades. An agreement was obtained between the
observed and predicted values in the water activity range of0.2
to 0.7. Below and above this range at 10°C, the observed
values of ~ deviated markedly from the predicted values.
Figure 2 shows only the verification results for compacted flour
pellets ofboth flour grades.

Free energy changes of sorption and desorption

Free energy changes were calculated using Eq. 4 and then
correlated to moisture changes (Eq. 5) for both desorption and
sorption characteristics of compacted and non-compacted
(loose) patent and straight grade flour (Table II). The results of
these calculations for the desorption characteristics for the two
compacted flour grades are given in Fig. 3. The free energy
change ofsorption or desorption decreases with an increase in
moisture content. This suggests that, with an increase in
moisture content, water will start condensing in the capillaries
and the forces of attraction between the active sorptive sites
(polar sites) and water molecules are significantly decreased.
Thus at this point, water behaves more like free water and is
more available for chemical and microbiological deterioration
because it increases solute mobility.

The free energy change of loose flour was not significantly
(95% CL) different from that ofcompacted flour pellets for any
given moisture content, therefore, the results for loose flour are
not shown on the graph. The parameter estimates of loose flour
were not significantly different (95% CL) from those of
compacted flour pellets in either desorption or sorption for both
flour grades equilibrating at the same temperature. This
suggests that sorption and desorption isotherms are not
significantly influenced by compaction.

Heats of sorption and desorption
Figure 4 shows the total heat ofdesorption i.e., Q s plus heat of
vaporization calculated based on Eq. 3 and plotted as a function
of moisture content. In the case of sorption, the total heat of
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Table II: Estimates of parameters of free energy change (Eq. 5) with their standard error
for the patent and straight grade flour compacted by volume to 550/0.
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0.003

0.003
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0.168
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0.168

0.170

0.168

Straight Grade Flour

1.35xl04

1.70xl04

1.94xl04

1.51xl04

1.40xl04

Estimate

1.56xl04

Calculation of monolayer values using BET equation
The calculation ofthe specific surface area ofthe absorbent (So)
was based on Eq. 2, where Mm was determined from Eq. 1
which was applied only for the adsorption isotherm data. Table

III shows that the
monolayer water
content is temperature
dependent. As would be
expected, the
compacted flour had a
lower monolayer
moisture content than
did the non-compacted
flour at all
temperatures. This
results in a decreased
specific surface area of
the adsorbent for
compacted flour pellets
as compared to the
loose flour. Lack of
sufficient data points
below 0.5 'lw range
precluded finding such
values for the straight
grade flour at 10 and
40°C. However, at
25 °C, the straight grade
flour had a monolayer
moisture content of
7.04 g/100g solid
corresponding to a
specific surface area of
248.6 m2/g in the case
of loose flour as
compared to 6.76

677

0.003

313

0.002

390

0.002

640

0.003

588

0.003

287

0.002

Std. Error

Patent Flour

Estimate

A 1.83xl04

B 0.167

A 1.59xl04

B 0.167

A 1.34xl04

B 0.167

A 1.85xl04

B 0.174

A 1.58xl04

B 0.171

A 1.47xl04

B 0.178

Constant

40

10

25

10

40

25

Temperature
(OC)

Comparison of predicted and observed free
energy changes of desorption for compacted
pellets of patent flour (PF) and straight grade
flour (SGF). The arrows indicate corresponding
axes.

Sorption

Desorption

Compacted
flour

Fig. 3.
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Empirical and imitative rheological tests
In this set of experiments, flour pellets prepared from
straight grade flour of 13.1% wb mc were reconstituted
using different milling devices including ajuicer, hammer
mill, burr mill, and bran finisher. The Farinograph
absorption was determined, in duplicate, for each of the
flours reconstituted using a different milling device. The
purpose was to compare the water absorption of the
untreated, control flour with that ofthe flour reconstituted
by various methods following compaction which is named
"treated flour". The Farinograph absorption is an excellent
and a rapid indicator of starch damage for a given flour.
The higher the starch damage, the greater the water
absorption by flour (Farrand 1972). The Farinograph
absorption for the control flour was 61.3% and for the
reconstituted flour using juicer, hammer mill, burr mill,
and bran finisher was 62.2, 62.2, 62.4, and 62%,
respectively, on a 14% moisture basis. Thus, the difference
in water absorption by flour as influenced by different
reconstitution techniques was not significant (95% CL).
Hence, the further empirical and flow behaviour tests ofa
flour-water dough were conducted on flour pellets
reconstituted using the juicer. All the empirical
determinations were done in duplicates.

The Farinogram is characterized by Farinograph
absorption, dough development time, stability, and mixing

35

30 Patent flour

~ 25 ~
~-C#)

20C#)

!
"- 15as
CD
-'=en 10

5

0

Fig. 6. Flow curves for the dough prepared from the
treated and control patent flour and straight
grade flour. The arrows indicate corresponding
axes.
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8

6 ~
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Temperature Type Mm So
(OC) (g/IOOg) (m2fg)

10 Loose 7.26 256.5

10 Compacted 6.90 243.8

25 Loose 6.23 220.3

25 Compacted 5.86 207.1

40 Loose 5.31 187.6

40 Compacted 5.16 182.2

25 Loose 7.04 248.6

25 Compacted 6.76 239.0

2

o

12
0 Loose,100C

10 • Compaded, 10°C •6 Loose,25°C 0

• Compaded, 25°C
~

8 0 Loose,~C •
'J • Compacted, 4Q°C 6. 6-
~ 4

Patent

Flour

Straight
grade

Fig. S. Determination of the monolayer coverage value
based on adsorption data for compacted and
loose patent flour and straight grade flour. The
arrows indicate corresponding axes.

gllOOg solid and 239.0 m2fg, respectively for the compacted
flour pellets. This agrees with the findings of Mok and Dick
(1991) that compaction effected starch damage in flour to some
extent, lowering its equilibrium moisture content in the
monolayer moisture region. It was impossible, however, to
draw this conclusion from the adsorption characteristics alone.
A comparison of the data of straight grade flour with patent
flour at 25°C suggests that the Mm (and hence So) of straight
grade flour is higher than that of patent flour.

Table UJ: Monolayer moisture content (Mm> and specific
surface area (So), calulated from BET equations
(Eqs. 1 and 2), for the patent and straight grade
(compacted and loose) flour.
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Table IV: Farinograph and Mixograph properties of dough prepared from control (loose) and treated (compacted and
reconsituted) flour.

Farinograph properties Mixograph test
Flour

Type
Grade Absorption Development Stability M.T.!* Peak time Peak height

(%) time (min) (min) (BO) (min) (MU)**

Patent Control 60.3 4.25 15.0 20 5 450
flour

Treated 61.0 3.75 12.75 20 4.75 420

Straight Control 61.5 6.0 10.0 10 4 410
grade
flour Treated 63.2 5.5 13 15 4 440

* M.T.! (BO) = Mixing tolerance index, Brabender units
** MU = Mixograph units

CENKOWSKI, RAMANATHAN, SCANLON and DEXTER

7.7

7.7

8.4

7.8

Starch
damage

did not show any difference as influenced by compaction. The
peak height is an indication of the resistance of the dough to
mixing. The compaction and reconstitution of straight grade
flour caused an increase (by 30 MU) in peak height (Table IV).
The mixograph properties were evaluated at constant water
addition; but, the treated flour with slightly increased starch
damage could absorb more water than the untreated control
flour. Hence, the dough made using the treated flour had an
increased stiffness (as indicated by the increase in peak height).

The standard ICC (1980) procedure for Alveograph
recommends 50% water addition on a 15% flour moisture
content basis. Dexter et al. (1994) reported that the usefulness
ofthis procedure, as an indicator of inherent dough properties,
for hard wheats is limited because the flour starch damage, and
hence flour water absorption, is highly sensitive to milling
technique. The Alveogram is mainly characterized by three
parameters, namely the height ofthe curve, P, (an indication of
the resistance of the dough to extension), the length of the
curve, L, (an indication of the extensibility of the dough), and
the total work needed to cause the dough to rupture, W, (an
acknowledged indicator ofthe overall dough strength) (Rasper
et al. 1985). For dough made from compacted and reconstituted
flour, the resistance ofdough to extension (P) increased and the
extensibility of the dough decreased - the effect being much
more pronounced in case of the straight grade flour (Table V).

This could be attributed to the fact that the
reconstitution of the compacted flour
pellets causes a slight increase in starch
damage and as the alveograph was
performed at constant water addition, the
amount ofwater added to the treated flour
was much less than what it could actually
absorb. According to Farrand (1972),
damaged starch absorbs twice as much
water as the undamaged starch. This
perhaps might have resulted in a stiffer
dough being produced using the treated
flour. The above observation was
confirmed by the amount of work (W)
needed to cause the dough to rupture. The
straight grade treated flour had a 15%

27.7

27.1

28.2

29.6

Wet
gluten

Alveograph test

P L W
(mm) (mm) ('10-4 J)

88.2 111.0 363

92.4 105.0 366

71.1 119.2 265

88.4 105.8 304

TreatmentFlour

tolerance index. The dough development time is the time
required to develop a dough to optimum development (500
BU). The stability and mixing tolerance index ofa dough are a
measure of the resistance of the dough to overmixing. The
Farinograph properties for both grades of flour are given in
Table IV. Brabender Farinograph water absorption,
development time, stability, and mixing tolerance index were
not significantly (95% CL) altered by compaction and
reconstitution. A small increase in water absorption (0.7% for
patent flour and 1.7% for straight grade flour) in the treated
flour could be due to increased starch damage as a result of
reconstitution. Dexter et al. (1994) reported the increase in
water absorption by durum wheat flour with increased starch
damage, as influenced by different milling techniques. The
decreased stability by 2.25 min in the treated patent flour may
reflect the inability of the damaged starch to hold the water.
However, this behaviour was not observed in the case of
straight grade flour. This could be because the water released
by damaged starch was absorbed by gluten proteins. Note, the
protein content in straight grade flour was 12.3% in comparison
to 11.8% ofprotein in patent flour.

The mixogram is characterized by peak time and peak
height (AACC 1995). The peak time is the time required for the
peak to reach maximum height which is similar to the dough
development time in a Farinogram. The mixograph peak time

Patent Control
flour

Treated

Straight Control
grade
flour Treated
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Table V: A1veograph properties, wet gluten and starch test of dough
prepared from control (loose) and treated flour.



Table VII: Flow behavior index (n) and consistency coefficient (K) values
with their standard error and confidence intervals for the
treated and control dough of both grades of flour.

95% Confidence
Intervals

Table VI: Results of the Canadian Short Process bake
test for the control (loose) and treated
(compacted and reconstituted) straight grade
flour.

Control Treated

Baking absorption (%) 62 63

Remix time (min) 1.7 1.6

Loafvolume (cm3) 730 745

Bread appearance (units) 6.2 6.5

Crumb structure 6.5-open 6.0-open

Crumb colour (units) 5.0-gray 5.0-gray

2999

2993

3371

2755

0.509

0.486

0.466

0.481

Upper

Fundamental rheological test
The flow characteristics of a flour-water dough, namely, flow
behaviour index and the consistency coefficient, were
detennined for the control and treated dough of both grades of
flour using a capillary rheometer (Ramanathan and Cenkowski

1995). For these experiments, the compacted
flour was reconstituted using a mortal and
pestle arrangement. The optimum water
absorption by flour and optimum mixing
time to produce a dough of unifonn
consistency were detennined using a
Farinograph and a Mixograph, respectively.
Subsequently, larger quantities of dough for
capillary rheometer tests were prepared by
mixing suitable amounts of flour and water
for a known time in a pin mixer (Hlynka and
Anderson 1955).

A plot ofthe shear stress versus corrected
shear rate for patent flour and straight grade
flour (Fig. 6) revealed that dough exhibits a
pseudo-plastic nature (shear thinning
material) and that the apparent viscosity of
dough decreased with increasing shear rate.
Using the power law model (Steffe 1992),
the flow characteristic of dough was
detennined from the shear stress and shear
rate relationship:

To confinn the findings of the above rheological tests,
analytical tests were made on wet gluten content and starch
damage according to the standard procedures. The results
obtained are given in Table V. The results ofthe analytical tests
confinn the findings of Weiland (1977) that the starch
contained in the treated flour is damaged to a greater degree.
This damage of starch increased the ability of the flour to
absorb more water. In straight grade, the treated flour had more
wet gluten (29.6%) than the control flour (28.2%). This also
agreed with the findings of Weiland (1977) that the heat
generated during compaction and reconstitution resulted in the
modification of gluten characteristics and hence caused an
increase in the wet gluten content. Note, the flour samples in
our tests were compacted and reconstituted using the juicer.

Dexter et al. (1994) suggested that the absence of a long
fennentation period in Canadian Short Process (CPS) bake test
would minimize the negative effects of high starch damage.
The baking test was perfonned only for the straight grade
flour. The results obtained in the baking test are given in Table
VI. Both flours (control and treated) baked exactly as would be
expected for a No.1 grade Canadian Western Red Spring
wheat. The differences between the two flours are very minor
and statistically insignificant. This is in contrast with the
findings of Weiland (1977) who reported that flour from
freshly harvested wheat, when evaluated with Rapid Mix Test,
produced baked goods with a volume of 5400 cm 3/kg flour,
while the same flour after compression and reconversion to
flour produced baked goods with a volume of approximately
6100 cm3/kg flour.

Std.
error

EstimateConstantFlour

Lower

Control, patent n 0.411 0.028 0.342
flour

K 2090 369 1187

Treated, patent n 0.390 0.031 0.315
flour

K 2296 439 1222

Control, n 0.409 0.032 0.331
straight grade

flour K 1861 366 966

Treated, n 0.410 0.040 0.311
straight grade

flour K 1858 466 717

higher W value than the untreated flour. This effect was not
observed in patent flour (Table V).

The visco-amylograph is mainly characterized by peak
viscosity. The peak (maximum) viscosity, irrespective of the
temperature at which the peak is reached, indicates the highest
viscosity yielded by the starch during the gelatinization process
under the conditions of the test (Rasper 1980). As starch
gelatinization depends on the amount ofstarch granules present
initially and their ability to swell and increase in viscosity
during heating, it is reasonable to expect a low peak viscosity
from samples with very high starch damage. The peak
viscosities obtained for the control and treated flour, in the case
ofpatent flour, were exactly the same (760 BU). In the case of
straight grade flour, the treated flour had a peak viscosity of
710 BU as against 730 BU obtained for the control flour. This
difference is not significant at 95% confidence interval.
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