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The water absorption rate was determined for whole mustard seed to be 1.58 X 10-7 cm
2

/sec for whole seeds, was used in the diffusion
and for seed cracked by seven cracking treatments, including two types equation to derive an equivalent average particle diameter. The equivalent
of mills, three roller-mill gaps, two hammer-mill feed rates, three seed- particle diameter ranged from 2.02 mm for whole mustard to 0.50 mm
cracking temperatures, and two soaking temperatures. The absorption for finely cracked samples. The water absorption rate of mustard was
rate was obtained by measuring the amount of water that a sample imbibed less for larger roller mill gaps and a higher feed rate through the hammer
from a water source during a given period. The parameters in a logarithmic mill. Seed-cracking temperature had no measurable effect on the water
model for water absorption as a function of soaking time did not vary absorption rate. Higher soaking temperature produced a higher water
with the different cracking treatments. The diffusion coefficient, computed absorption rate.

Mustard processing varies among manufacturers but always
includes both size reduction and soaking operations. Mustard
seed is basically spherical in shape and consists of starchy endo-
sperm surrounded by highly impermeable layers of outer epi-
dermis, subepidermal parenchyma, inner epidermis, and aleuron
layer (Esau 1966). A hammer or roller mill is used to crack the
whole seed so it is more receptive to liquid absorption and easier
to grind (Brusewitz and Yu 1991). The cracked or whole seed
then is soaked in water, vinegar, and spices for a specified time
before it is ground into a fine paste with a stone mill. The com-
bination of cracking condition and soaking time affects the energy
consumption of the stone mill grinding process and the quality
of the final product. Information on the mustard seed water ab-
sorption rate at different cracking conditions is needed. Further,
determination of the water absorption rate theoretically requires
knowing the water diffusion coefficient for cracked mustard,
which is very irregular in shape and has a wide range in particle
size.

Eckhoff and Okos (1989) found that gaseous sulfur dioxide
diffused into corn by entering at the tip cap, moved up between
the pericarp and seed coat, and then diffused into the endosperm.
Muthukumarappan and Gunasekaran (1991) found that the time
required for corn to reach 45% moisture content decreased with
higher steeping pressure and temperature. Fan et al (1965) con-
cluded that the absorption rate of water into corn and of water
in SO2 solution approximately followed the diffusion equation
based on Fick's law. At 250C, the diffusion coefficients for three
varieties of corn ranged from 1.018 to 1.747 X 10-7 cm2 /sec.
Different parts of a grain kernel have different diffusion
coefficients, which affect the rate of water uptake for ground
samples. Syarief et al (1987) reported that the diffusion coefficient
of corn was an exponential function of moisture content with
a coefficient that was five times larger for the germ than for
the horny endosperm. Steffe and Singh (1980) used Fick's law
of diffusion to model the thin-layer drying of white, brown, and
rough rice. Diffusion coefficients were a function of temperature.
For temperatures from 35.3 to 54.60C, they found the diffusion
coefficient ranged from 5.86 to 11.78 X 10-7 cm 2/ sec for white
rice, 1.367 to 4.328 X 10-7 cm

2
/sec for bran, and 0.422 to 2.028

X 10-7 cm
2
/ sec for the hull, respectively. Diffusivities were de-

scribed by an Arrhenius relation.
The diffusion equation for spherical particles, assuming diffu-
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sion only in the radial direction with constant diffusion coefficient,
takes the form

dm = D d2 m + 2 dm
dt dr r dr (1)

where D is the diffusion coefficient, m is moisture content at
any point for a given time, r is the distance from the center of
a sphere, and t is diffusion time.

If the surface concentration is further assumed constant at me,
the solution of equation 1 becomes (Crank 1957)

m-mi-M-mi= 1 + 2R (-) sin nrr e-Dn2
ir2t/R

2

me-mi Me wrn=I n R (2)

where mi is the initial moisture content (g/ g), R is radius of
the sphere, me is equilibrium moisture content (g/ g), and Me
= me - mi is the maximum moisture increase possible (g/g).

Using average moisture content (mQ) instead of moisture content
(m) at a specific location in the sphere, the above solution can
be approximated, for small times, as (Becker 1959, 1960; Fan
et al 1961)

MI Me = 1. 128(S/ V)(Dt)0 5 (3)

This can be reduced to

or

where

M= kt 05

m = Mi + kt0o5

k = 1.128Me(S/ V)D° 5

(4)

(5)

(6)

with SI V being the surface to volume ratio (SI V = 3/ R for
a sphere). Equation 5 indicates that the moisture content at any
time is a linear function of the square root of time with a slope
of k and an intercept equal to the initial moisture content.

In investigating the effect of presoaking on the firmness of
soybeans, Gandhi and Bourne (1991) found an initial rapid rate
of softening followed by progressively slower softening until, after
3 hr, there was little change in firmness. Although firmness may
not always be inversely proportional to water content, the water
absorption rate does have a similar trend. As noted by Becker
(1960), the absorption of liquid water by the wheat kernel proceeds
by a heterogeneous mechanism. There is a very rapid initial ab-
sorption, followed by a subsequent absorption that is directly
proportional to the square root of the time of immersion.

The objectives of this study were to evaluate the water diffusion
coefficient for whole mustard seeds, experimentally measure the
water absorption rate of mustard of different particle sizes, and
determine the effects of various cracking and soaking treatments
on the water absorption rate of mustard.
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MATERIALS AND METHODS

The seed used in this study was commercial whole yellow
mustard with bulk density of 720 kg/m3 and moisture content
of about 10% (dry basis). The particle size was 90%, by weight,
between 1.7 and 2.36 mm and 99% between 1.4 and 2.83 mm.
The seed preparation factors tested that could influence water
absorption rate were mill type (hammer versus roller), feed rate
of the hammer mill, the gap between the rolls of the roller mill,
and the temperature of mustard seed at cracking time. The hammer
mill was a well-used W.W. Grinder model K33L machine with
a 46-cm-wide screen having 3.2-mm-round openings. Two material
flow rates of 17 and 29 kg/min were obtained for the hammer
mill by adjusting the gravity feed slide gate opening from minimum
to maximum flow. The mustard seed was put in plastic bags,
sealed, and placed into either 5, 20, or 350 C controlled temperature
storage for temperature and moisture equilibration before roller
mill cracking. After two days, the samples were removed from
storage and cracked immediately by a new H.C. Davis model
50 roller mill with two 23- X 15-cm-diameter corrugated rolls.
The feed rate was held constant at 0.9 kg/min with gaps of 0.3,
0.5, and 0.7 mm selected to produce a range from slightly to
fully cracked seeds. The seven combinations of parameters to
form the various cracking treatments included cracked at 50C
with a roll gap of 0.3 mm; cracked at 200 C with gaps of 0.3,
0.5, and 0.7 mm; cracked at 350C with 0.7 mm roll gap; and
hammer milled at two feed rates of 17 and 29 kg/ min.

The usual procedure for water uptake (Becker 1960, Fan et
al 1961, Muthukumarappan and Gunasekaran 1991) does not
work well for cracked mustard containing fine particles or whole
mustard seeds because of their stickiness after soaking. A different
method was needed to easily and effectively determine the water
absorption rate of mustard.

Whole or cracked mustard seed was soaked in a temperature-
controlled water bath. The amount of water the sample took
from the water bath during soaking was measured by placing
water and the whole or cracked sample in a closed-off funnel,
waiting for the specified soaking time, and then allowing the water
to drain out through a strainer. The ceramic funnel (10 cm in
diameter) with connecting plastic (Tygon) tubing was held on
a ring stand. A nylon strainer was placed in the funnel and initially
wetted by adding some water and letting it drain for about 2
min. The plastic tubing at the end of the funnel was clamped
tightly to control water flow. The dry mustard seed sample (30 g)
was poured into the funnel, followed by 150 g of water. At the
end of the specified soaking time, the clip on the plastic tubing
was removed, and the water was drained into a container. At
the same time, a dead weight of 1,000 g was placed on the top
of the mustard sample to increase the drainage rate and decrease
the time. The sample was allowed to drain for 30 sec, and the
amount of collected water was weighed. The difference in mass
of water added initially, and water collected was the amount of
water lost in the process. The dead weight of 1,000 g and the
draining time of 30 sec were chosen because this combination
produced the best results, i.e., there was a negligible amount of
water still draining out after 30 sec.

In this test procedure, some water was held between particles
and between the particles and the funnel surfaces. A method was
needed to assess the amount not absorbed but left in the system.
Becker (1960) and Fan et al (1961, 1965) reported that moisture
increase was proportional to the square root of absorption time
with zero intercept. When "raw" experimental collected water
data were fit to a linear regression model, the intercept to the
moisture axis of the straight line was greater than zero. This
intercept value was the amount of water loss to the hardware
and was not due to diffusion into the sample. Therefore, this
constant amount of water was subtracted from the "raw" experi-
mental data.

Soaking water used for all experiments was at room temperature
(220 C), except for one test where the water was 500 C with mustard
cracked at 50 C and 0.3-mm roller-mill gap. For the first 3 min
of soaking time, the procedure was the same as the 220 C tests

except for the higher water temperature. For soaking times longer
than 3 min, the sample and soaking water were maintained at
50 ± 1P C in a heated water bath. An 8-cm-diameter metal
container was heated to 500C before use. After the sample was
poured into the container, 150 g of 500C water from the same
bath was added and the container was covered. About 1 min
before the specified soaking time, the sample was poured into
the funnel, and the same procedure was followed as for 220C
soaking. Nine soaking times of 0.5, 1.5, 3, 5, 8, 12, 17, 23, and
30 min were used, and each cracking treatment and soaking time
combination was randomly replicated three times.

RESULTS AND DISCUSSION

Water Absorption
Water absorption data were converted to moisture increase

(M) using the regression equation

M= m - mi= 0.687 + 0.0211t 05
(7)

with r2 = 0.98. Where m is the average sample moisture content
(g/g), t is soaking time (sec), and mi is the initial moisture content
obtained by drying the sample in an oven at 1300C for 4 hr
(ASAE 1991). All moistures are reported on a dry basis. The
regression line and the original data are plotted in Figure 1. The
amount of water loss to the system was found to be 0.687 g/g,
which was verified by letting water go through the sample and
then measuring water loss. The amount of water loss using the
same procedure for whole mustard with a soaking time of zero
was 0.679 g/g, which was similar to the average for all cracking
conditions. Therefore, 0.687 g/g was subtracted from the "raw"
data.

The data of water absorbed per gram of dry mustard (M) for
each test condition were used in the model,

M = A + B ln(t) (8)

where A and B are model parameters and t is soaking time in
seconds.

The data (average of three replicates), the regression parameters
A and B, and r2 are given in Table I. All data fit the model
well except the high soaking temperature treatment, which reached
its equilibrium in 5 min. The data and regression constants indi-
cated that for a constant roller mill gap, mustard temperature
at the time of cracking had a slight effect on the water absorption
rate. At a roller gap of 0.3 mm, the 50 C cracked mustard picked
up moisture faster than did the 200C cracking temperature for
the first 3 min but thereafter was basically the same. For a constant
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Fig. 1. Water absorption rate of whole mustard at 220C. M = moisture
increase; t = diffusion time.
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