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ABSTRACT

Project Code: TRG 4580102

Project Title : Superheated-steam fluidised-bed drying of soybeans

Investigator: Winauifinsd U5rgnimns anineasinaluladnszaaundiouys
E-mail Address: somkiat.pra@kmutt.ac.th

Project Period: 2 1

This research is a study of soybean-fluidized bed drying using hot air and superheated
steam. The effective diffusion coefficient, kinetics of color change and urease inactivation, protein
solubility and lysine content of soybean were investigated under drying conditions as follows:
drying medium temperatures of 120, 135, and 150°C and the material initial moisture contents of
13.5, 19.5, and 36 dry basis percent. The experimental results showed that at the initial stage of
superheated steam drying, condensation temporarily occurred on the material surface and the
interior of the material was rapidly heated. In contrast, no condensation occurred for the hot air
drying, resulting in a slow increasing rate of material temperature. Over the temperature range
studied, the effective diffusion coefficient obtained by the hot air was higher than that obtained by
superheated steam. The diffusion coefficient increased with increasing bed temperature and
initial moisture content of the material. Considering kinetics of urease inactivation in dried
soybean, it followed a modified first-order reaction. Superheated steam drying led to the higher
inactivation rate of urease than hot air drying, especially at the drying temperature of 120°C.
Concerning the kinetics of material color changes during drying, a zero order kinetic model was

applied to L and AE changes and the logistic equation was used to describe the kinetics of Aa..

Changes of L, a and AE of the soybean dried by superheated steam were higher than those of
soybean dried by hot air. Temperature and initial moisture content affected the qualities of

soybean; the higher drying temperature resulted in the higher urease degradation rate, and the
greater L, a and AE changes. The higher initial moisture content of the material led to the higher

urease degradation rate but the smaller L, a and AE changes. The inactivation of urease

enzyme, along with maintaining protein solubility and lysine content to be in standard range, was
succeeded as soybeans were treated a temperature between 135 and 150°C for the hot air and
the treatment temperature could be reduced lower than 135°C by using superheated steam.

Keywords: Fluidization / Soybean / Superheated Steam / Trypsin Inhibitor / Urease
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ABSTRACT

Influences of temperature and moisture content on diffusional transport property and
kinetics of both urease inactivation and colour change during soybean treatment with
superheated steam in the temperatures of 120 to 150°C were investigated. The experimental
results have shown that the effective diffusivity and apparent rates of such reactions are related
to temperature in a way that the rates of water transport, urease inactivation and brown
pigment formation are higher with higher temperature. In addition, these rates are also
enhanced by increasing moisture content, except for the browning reaction that is inhibited by
this factor due to the dilution effect. The reduction in urease activity is reasonably described by
modified first-order reaction and the colour change of soybeans is characterised by three
Hunter parameters in which the changes of L-, a- and b-values are followed according to zero-
order, modified Monod and first-order reactions, respectively. The kinetics of inactivation and
colour change, along with the experimental data of protein solubility and lysine content, have

been suggested that the soybean should be treated with superheated steam at the temperature
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ranging from 120 to 135°C. The superheated-steam fluidised-bed technique can
simultaneously be applied for both drying and inactivating such components in soybeans by a
single operation when the initial moisture content falls within a suitable range, approximately
lower than 20%d.b. At elevated initial moisture contents, two-stage drying technique is

recommended in order to avoid excessive cooked soybeans.

Keywords: Colour, Legume, Superheated steam, Trypsin, Urease

INTRODUCTION

Legumes are valuable potential source of good-quality protein that is used as a main
ingredient of animal feed and are increasingly important in human nutrition. Soybean is the
most important legumes in relation to total world legume production because of its relative
cheapness and high protein content. However, the utilization of nutritional value of soybean is
limited due to the presence of certain antinutritional factors, such as trypsin inhibitor,
hemagglutinins, saponins and urease. Trypsin inhibitor inhibits the growth rate by 30-50% and
causes the pancreatic hypertrophic response in animals when raw soybean meal is fed (Rackis
et al., 1986). Urease enzyme, which catalyses the urea converted into ammonia and carbon
dioxide, does not affect on the physiological functions in humans, but is toxic to animals when
fed with raw soybean meal. These antinutritional factors are destroyed by thermal processing
methods such as roasting, cooking/autoclaving, micronisation and extrusion (Abd El-Hady and
Habiba, 2003; Alonso et al., 2000; Cheong, 1997; Raghavan and Harper, 1974). In addition to
elimination of such factors, the thermal treatments improve nutritional value through

conversion of native protein into more digestible denaturated forms (Valle, 1981).
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Roasting, one of the most frequently used techniques, involves cooking of soybeans
using heated air with temperature above the normal boiling point of water. There are several
roasting methods, ranging from salt bed roasting, rotary dryer similar to a common grain dryer.
These methods provide non-uniform degree of cooking since the poor contact between grains
and medium is encountered. The non-uniform cooking can be diminished by using fluidised-
bed technique by which the hot-air stream with a sufficiently high velocity is forced through
grain bed and consequently, the particles are suspended in hot air and move randomly within
the bed. Besides the improvement of cooking, this technique gives rise to inactivation of the
trypsin inhibitors and urease enzyme without losses of nutritional values in particular lysine
(Soponronnarit et al., 2001; Osella et al., 1997). In the present work, however, superheated-
steam is chosen as heating media, in stead of hot air, to eliminate the antinutritional factors.
Use of superheated steam is an attractive technology that offers improved thermal efficiency,
thereby gaining improvements in economy and minimising environmental impact (Salin, 1988;
Heinrich et al., 1999). In addition to these advantages, the waste heat and water vapour
evaporated from product can be recovered and used in other processes. The idea of using
superheated steam to destroy the antinutrients originates from its unique characteristic, that is,
the superheated steam is condensed when it is contacted with cold surface of material, thus
releasing latent heat along with a rapid increase in particle temperature. With such peculiar
phenomenon, it motivates us to quantify the effect of superheated steam in destroying
antinutritive substances and simultaneously maintaining the high protein solubility.

Although treatment by thermal processes is able to reduce the levels of antinutritional
factors satisfactorily, colour deterioration of the product is unavoidable since temperature is an
important factor in accelerating the formation of brown pigment, thus resulting in poor product

quality. In general, the soybean colour after processing should be yellow or light brown. The
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kinetics of colour change is therefore a subject to be considered in the present investigation, in

addition to the kinetics of urease inactivation.

MATERIALS and METHODS

Samples

Dry soybeans, with moisture content of 13.5% d.b., were purchased from the local
market and then adjusted to initial moisture contents of 19.5% and 36% by adding the required
calculated amount of water. The rewetted samples were kept in the cold storage room at 8-10°

C for a week in order to allow water to penetrate uniformly into every part of the kernel.

Equipments

Figure 1 shows a schematic diagram of a superheated-steam fluidised-bed system. A
fluidised-bed dryer has a cylindrical shape with a dimension of 15 cm diameter and 100 cm
height. The saturated steam generated from a small boiler, with a capacity of 31 kg/h at the
condition of 100°C and 106 kPa absolute pressure, flows through the dryer forced by a
backward-curved blade centrifugal fan driven by a 2.2 kW motor. Before reaching the dryer,
the saturated steam was passed through 13.5 kW electrical heaters to rise its temperature up to
the desired level. This accordingly changed the saturated vapour into the superheated steam.
The steam flow rate required for fluidising the solid particles was precisely controlled by a
frequency inverter and the desired superficial velocity at the drying chamber inlet was fixed at
3.2 m/s, which is 1.7 times higher than the minimum fluidising velocity for soybean particle

(Soponronnarit et al., 2001). The steam velocity was measured by a pitot static tube.
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The designed system can be used either for hot air or steam. In the superheated steam
operation, the hot air is initially used for warming up the equipments and steam ducts of the
system in order to prevent water condensation. The warming up period was stopped when the
temperature in every part of the system reached the desired level and the steam was replaced
accordingly by opening a valve V.1. At the same time, the air was delivered to atmosphere via
a valve V.8 and this valve was closed again when the experiment was started. During the
drying period, the steam flowing out of the dryer is directed to a reverse flow cyclone to collect
the small particles being suspended in the fluid stream. The cleaned steam was reused again.

Before starting the experiments, samples were taken out from the storage room and left
in the ambient condition until the grain temperature approached the ambient temperature.
Amount one kilogram of soybeans, corresponding to a bed depth of 10 cm, was then dried at
temperatures of 120, 135 and 150°C. A PID controller, with an accuracy of £1°C, was used to
maintain the steam temperature at the drying chamber inlet. Temperature at different positions
within the drying chamber was monitored by a data logger with an accuracy of £1°C. The
sample was taken from the dryer at valve V.9 to examine the moisture content, urease activity
and quality. The moisture content of soybean was determined by drying in an electrical oven at

103°C for 72 hours (ASA, 1990).

Urease activity measurement

Urease test measures the activity of urease after processing. This test is an indirect
method to indicate the level of trypsin inhibitor since rate of its inactivation becomes almost
identical to that of trypsin inactivation (Baker and Mustakas, 1973, Osella et al., 1997). It
measures the change of pH which results from the urease enzyme converting the urea to
ammonia. The determination of urease activity was followed by the direction of AACC

method 22-90 (AACC, 1995). The pH difference of raw soybeans throughout the experiments
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was approximately 1.9. The relationship between pH difference and percent residual urease
activity is given in Figure 2. This figure was achieved by taking the samples dried at various
drying times to measure the pH difference and the residual urease activity. The residual urease
activity determination was followed with Rasmussen’s method (Rasmussen, 2002). The
reaction time for urease enzyme to develop ammonia was 60 minutes. The residual urease
activity is expressed as the ratio of milliequivalents of ammonia produced from urea per gram
of thermally treated soybeans to that obtained from raw soybeans. In uncooked soybean,
ammonia was produced with an approximate value of 5 milliequivalents/g.

As shown in Figure 2, the change in pH difference is not proportional to that of percent
residual urease activity, with a steep rise in the residual urease activity at the pH difference
higher than unity. From ASA standard, the adequately cooked soybeans possess the urease
values in the range of 0.02 to 0.3 pH difference (ASA, 1990) and the corresponding percent

residual urease activity is between 10 and 20%.

Colour measurement

A Minolta CR-300 tristumulus colorimeter was used to determine the L, a, b values of
samples. In Hunter Lab Colour Space, the L-value presents the degree of lightness or darkness.
The chromatic proportion of the colour space is based on rectangular Cartesian coordinates (a,
b), with red represented by +a, green represented —a, yellow by b and blue by —b. The L-value
gives a spectrum in the range from 0 to 100, with the highest value showing whiteness whereas
the lowest value indicates the blackness. The a- and b-values represent the same spectrum
range from -60 to 60. Before the colour measurements, the colorimeter was standardised each
time with a black and a white ceramic plates. The colour was measured for soybeans thermally
treated at various drying times, temperatures and initial moisture contents. Before measuring,

the dried soybeans in each set were finely grounded using a mixer and then spread on a plate.
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Protein solubility measurement

Protein solubility was determined according to the AOCS method BA 10-63 (AOCS,
1979). This method involves the dispersion of proteins in 0.2% KOH solution. The protein
solubility is defined as the ratio between nitrogen content in the supernatant after extraction
with 0.2% KOH and total nitrogen content of material. The total nitrogen content and the

nitrogen content in the supernatant were performed by Kjeldahl method.

Lysine measurement

Lysine content in soybean was analysed by AccQ-Tag method (1993). The grounded
soybean was hydrolysed with HCI solution at 110°C for 22 hours and was then derivatized
with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AccQ-Flour reagent). The lysine

content was eventually determined by a high performance liquid chromatography.

Moisture diffusion

In the present study, a method of slopes was applied to study the effect of moisture
content on the effect diffusivity, Des (Saravaos and Raouzeos, 1986, Ramesh, 2003).
Determination of effective diffusivity was written based on the Fick’s second law equation,
under the initial and boundary conditions that the moisture distribution inside a soybean kernel
was specially uniform at the beginning; and the moisture at the exterior surface, after drying
has started, rapidly vaporised reaching almost zero value since the temperature used for drying
was above the normal boiling point. The solution of Fick’s equation for sphere-shaped soybean

is given by (Crank, 1975)

M) 6 &1 n’7°D it
#Z—zz—zexp(—r—zﬂ) (1)
in n=1
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where, M(t) is the moisture content at time t (dry basis, kg H,O/kg dry matter), and M;, is the
initial moisture content, De¢r is the effective diffusivity (mz/s), t is the drying time (s) and r is
the sphere radius (m). To determine the effective diffusivity along the change in moisture
content with drying time, it can be accomplished by differentiating eq.(1) with respect to t,

yielding

dt 7 @

dM(ty/M, 6D, & n’7°D .t

( ( ) m) - _ rzeff Zlexp( _ eff
The slope of experimental drying curve was known at every time and used as input parameter
on the left hand side of eq.(2) and the effective diffusivity was then estimated. The main

assumptions of eq.(2) were that the moisture transport occurred only in the radial direction and

the sample was homogeneous, without shrinkage during drying.

Kinetics of urease inactivation
Inactivation of urease enzyme during thermal treatment by superheated steam was

assumed to follow the modified first-order kinetics expressed as
C=(C,-C,, Jexp(-kt)+C,, (3)

where, C, is the activity of urease enzyme at the beginning (dimensionless), k is the apparent
rate constant (min™). Ceq 1s the equilibrium activity and can be determined by a linear

regression.

Kinetics of colour change

The colour change of thermally treated soybean is caused by the non-enzymatic
browning reaction, where the interaction between carbonyl compounds (sugars and
carbohydrates) and amine compounds (amino acids and proteins) has occurred. In addition, it

is possibly produced by the structural deformation of pigments. There have been numerous
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research studies on the kinetics of colour changes during storage and processing (Rapusas and
Driscoll, 1995; Krokida et al., 1998; Avila and Silva, 1999). Generally, the apparent rate
change of colour is presented by the zero- or first-order kinetics. As observed from the
experiments, the change of individual colour parameters, representing by L-,a- and b-values,
with time appears to be clearly different and hence, different kinetic models are used to
describe their changes. A zero-order reaction is chosen to describe the change of L-value and it
is expressed by

L=L +(-k,t) 4)
where, ki is the rate constant for the L-value, min’l, L is the L-value at time t and L, is the
initial L-value. For the b-value, a first-order reaction is adopted and it is given by

b=b exp(-k,t) (5)
where, k; is the rate constant for the b-value, min™, b is the b-value at time t and b, is the initial
b-value. A modified Monod equation is accounted for the change of a-value and it is written as

o= 200 XK, (6)
cta exp(k,t)

where, k, is the rate constant for the a-value, a, is the initial a-value and c is the constant value

related to the equilibrium a-value. If ¢c>> a, exp(k,t), equation (6) then approaches equation

(5).

Adequacy of model
Several criteria for adequacy of fit such as coefficient of determination (r*) and residual
sum of squares (RSS) were used to choose the appropriate models for the effective diffusivity,

urease enzyme and colour changes. The RSS can be calculated by the following equation:

RSS = z (Zexp,i - anl,i )2 (7)
i=1

66



where, Z., 1s the experimental value of the dependent variable, Z, is the calculated value
from the model and n is the total number of experimental data. The best model describing the
transport property and quality change was selected as the one with the highest coefficient of

correlation and the least value of RSS.

RESULTS and DISCUSSION
Change of Moisture Content

Figure 3 shows the change of moisture content at three initial moisture contents of
13.5%, 19.5% and 36% d.b., all of which were dried at a temperature of 120°C. The
characteristic curve of moisture content during superheated steam drying is different to that
found with the conventional hot air drying. Two phenomena are observed in the superheated
steam drying, which are the moisture uptake period followed by the evaporation period
whereas only latter period is found with the hot air.

In the first period, the steam is in close contact with the bed of particles having a lower
temperature which causes the steam to be condensed. The amount of moisture uptake is related
to the initial moisture content and superheated steam temperature. The first period can be seen
in Figure 3, which shows the condensation period in the first two minutes of drying time and
the amount of moisture content increased from the beginning to the highest point is
approximately 4% d.b. for an initial moisture content of 14% d.b. and less than 3% d.b. for the
higher initial moisture contents. The lowering of moisture uptake at higher moisture content is
probably due to the higher occupancy of water in the void spaces of the kernel, so that the less
condensed water can penetrate into the kernel. In addition to this effect of high moisture

content, the lower quantity of moisture uptake is obvious with higher inlet superheated steam
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as shown in Figure 4: the moisture uptake into the samples in the superheated steam
temperatures at 120, 135 and 150°C are 4.0, 1.8 and 0.6% d.b., respectively. The possible
explanation of these results is due to the higher degree of superheat, resulting in a smaller
amount of condensed steam.

When the evaporation period starts, transport of moisture is in the diffusion controlled
region, as indicated by the exponential decay of moisture characteristic curve. The drying rate
in this region is dependent on moisture content and temperature. An increase in initial moisture
content or inlet steam temperature increases the soybean drying rate, as shown by the slopes of

the characteristic curves in Figures 3 and 4, respectively.

Change of bed temperature

Figure 5 illustrates the change in bed temperature for the samples at different initial
moisture contents using the inlet steam temperature of 120°C. The bed temperature is
strikingly increased for a short period and then rises gradually for the remaining drying time,
corresponding to the evaporation period. The rapid rise in temperature is attributed to the
release of latent heat from the condensing steam, thus fast heating the kernels. As illustrated in
Figure 5, the bed temperatures during condensation period are in the range of 98 and 100°C,
the lowest temperature corresponding to the initial moisture content of 36% d.b. The
condensed steam did not take seriously the operational problem in this case but it produced the
desirable result of soybean product quality, with the rapid inactivation of urease enzyme. For a
few minutes of drying, the residual urease activity fell off by 100% to the range of 10 to 96%,
depending upon the inlet temperature and initial moisture content. The details will be given in

the section of urease inactivation.

Moisture Diffusivity
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Data from a particular evaporation period of the drying experiment were analysed for
calculating the effective diffusion coefficient. Figure 6 shows the relationship between the
effective diffusion coefficient and moisture content at various temperatures. Values vary
considerably from 1.8x10™"" to 1.5x10™® m%s. Des have high values in the early stages of
evaporation period, where the moisture content is high, and then becomes monotonically
decreasing in the later stages, where the moisture content appears to be lower. The decrease of
Dt at lower moisture content may be due to the complex structure of the kernel restricting the
transport of water from the interiors to the exteriors. In addition to moisture effect, the
effective diffusion coefficient also varies with temperature by a way that the diffusivity
increases with increase in temperature.

It 1s noted that for some dying conditions, viz., at temperatures of 120 or 135°C and
initial moisture content of 13.5 or 19.5% d.b., the effective diffusion coefficient is very high
particularly at the beginning of evaporation period. This high value corresponds to the
reduction in moisture content from the peak to the next data point, suggesting that the
condensed steam only penetrates into the kernel around the outer layer during this short period
of condensation. Accordingly, when the evaporation period starts, the moisture is removed
easily without the interference of soybean structure and leads to extremely high drying rates.

In order to obtain the representative model for the effective diffusivity, the values of
Dt were fitted with an empirical equation treating Des as the dependent variable with
temperature and moisture content as the independent variables. The analysis of the data using a

non-linear regression technique suggests the following form:

D, =[5.4364x10™" +5.111x10"* M’ |exp(0.057318T) (8)

where, D¢y is the effective diffusion coefficient, mz/s, T is the bed temperature, K. The values

of R? and RSS for equation (3) are 0.8 and 1 x10™'%, respectively.

69



Urease activity

Figure 7 depicts some illustrative residual urease activity curves of soybeans at initial
moisture content of 19.5%d.b.and inlet steam temperatures of 120-150°C. This enzyme is
progressively destroyed by heat, whereby a sharp decline in urease activity occurs at the early
period of drying, except for the conditions where the samples at initial moisture contents of
13.5 and 19.5 % d.b. are dried at lower temperature of 135°C, and a slow reduction is a
consequence. This figure also shows the faster rate of inactivation at the higher temperature, as
would be expected because more thermal energy is being transferred when drying temperature
is increased. The inactivation results for the samples at the initial moisture contents of 13.5 and
36% d.b. showed the same fashion as in Figure 7, but the rate of inactivation amongst their
initial moisture contents was not identical even though the inlet steam temperature was the
same, a relatively faster rate of inactivation for the samples at higher moisture content. These
results can clearly be seen in Figure 8, presenting the apparent reaction rate constant for the
inactivation versus bed temperature. These reaction constants were obtained from statistical
fitting of eq.(3) to the residual urease activity data.

To reduce the residual urease activity to an acceptable range, it required 7-8 minutes at
a temperature of 120°C and became shorter at the higher temperature for the initial moisture
content of 13.5% d.b. The treatment time was decreased as the initial moisture content
increased, with the treatment time of 5 minutes at temperatures of 120-135°C and 2 minutes at
the temperature of 150°C for the moisture content of 19.5% d.b. In addition, for the initial
moisture content of 36% d.b., the treatment time was only about 2 minutes, which is long
enough for inactivating the urease enzyme under the above-mentioned temperature range.

Figure 8 demonstrates how the temperature and initial moisture content can cause a
rapid inactivation of urease through the thermal treatment with fluidised bed. Large differences

in the patterns of inactivation are observed between such operating parameters. The influence
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of temperature plays an important role in accelerating the urease inactivation for soybean
containing low to moderate moisture contents, in particular at the initial moisture content of
19.5% d.b. showing a large increase in the reaction rate constant from 0.43 to 1.7 min" when
the corresponding bed temperature rises from 113 to 140°C. This effect turns into lesser
importance for the higher initial moisture content, as indicated by a linear increase in the
apparent reaction rate constant with increasing temperature for soybean sample at 36% d.b. At
such high initial moisture content, the prevalent contribution of moisture initially present in
soybeans induces the rapid inactivation in the first two minute of drying, by which the residual
urease activity lies between 15 and 17% after soybeans are treated with temperature in the

range studied.

The rate constant and equilibrium activity are empirically correlated with the initial
moisture content and bed temperature, and their relationships are given by the following

equations:

T
exp(=0.245571TM,, +97.7304M,, +0.09702T)

-15
k=(5.7696x10“8+1.3531x10“6Mm_8'59758X10 j

)

C.,=(~0.047523+0.071742M, +0.000122T)exp[— I78.1M,, 3227‘286}

T T

(10)
As shown in Figure 7, the kinetic model of urease inactivation proposed, along with its

constant parameters in equations (9) and (10), can reasonably predict the experimental data.

Colour Changes
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The changes in colour of a product reflect a sensation to human eye and the visual
examination is often used to evaluate product colour. The L-, a- and b-values of soybean at the
beginning are respectively 85.71, 0.38 and 24.33, presenting yellow colour. Figure 9 shows the
change in the behaviours of L-, a- and b-values for soybeans dried at various steam
temperatures, with a progressive decrease of the L-value whilst the increase of the a- and b-
values with the increased drying time are evident. The decrease in L-value upon heating is
attributed to the formation of brown pigments, as a result of Maillard reaction. The linear
behaviour of the lightness suggests a zero-order kinetic model.

In addition to the L-value, a- and b-values are also used to indicate characteristics of
brown pigments formed by heat treatment. The change of a-value is initially slow and followed
by a rapid raise of the level of redness. To explain the whole range of redness, the change of a-
value follows the Monod kinetic reaction. For the b-value, it exponentially increases according
to the first-order reaction kinetics. The reaction rate constants of the L-, and b-values were
determined by a linear regression technique whereas the rate constant of the a-value was
determined by a non-linear regression because of non-linearity of equation (6). The
experimentally determined reaction rate constants are presented in Figure 10 to show the effect
of temperature on their reaction rate constants. The results indicate that the reaction speeds of
the colour parameters increase with increased temperature. The increase in the reaction speed
of the individual colour parameters has a difference of magnitude in which the fast reaction
speed is the lightness followed by the redness, and the slowest speed is the yellowness. From
this figure, it can be seen that the initial moisture content has some effect on the colour of
soybeans during heat treatment. This influence on the colour change is different to that found
with the urease inactivation in a way that the higher moisture content slows down the rate of
brown pigment formation, as interpreted by lower reaction rate constants of both lightness and

redness shown in Figures 10a and b. The moisture content is not influential to the yellowness
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change for soybeans. The slow development of brown colour is attributed to the fact that the
lower concentration of the reactive compounds inside the food material retards the browning
rate and this lower concentration effect seems to be more dominant than the effect of reactant
mobility, which has higher motivation at elevated initial moisture contents. The effect of water
content on the browning rate for food materials has been reported by several workers
(Prachayawarakorn et al., 2004; Rapusas and Driscoll, 1995). The results found from their
investigations were similar to this finding.

According to the experimental results, such reaction rate constants of the L-, a- and b-

values were empirically correlated with the relevant parameters by the following equations:

For L-value  k, =(-200.35-6.8356M,, +0.53253T ) exp(— 1087'66)
R?=0.99, RSS=0.004 (11)
For b-value  k,=(—0.2435+6.4x10"T)exp(- ﬁ)
R?=0.99, RSS=0.0127 (12)
Fora-value  k,=[1.5x10°~1.1343x10°M,, —3.2052><106T]exp(—$)
R’=0.96, RSS=0.007 (13)
c:(—66.6919+0.181201T+%jexp[1.5Mm —M}
R?=0.95, RSS 0.2267 (14)

The result for the changes of L-,a- and b-values, calculated by using equations (11-14), with
drying time are depicted in Figure 9, suggested that the proposed models can predict the colour
parameters in a good agreement with the experimental results over a wide range of drying

condition.
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Protein Solubility

For determining the amount of soluble proteins, some treated soybean samples that
contain the level of urease activity lower than the required standard limit were analysed.
Changes in protein solubility of soybeans treated at different operating conditions are shown in
Table 1. The protein solubility is about 94.3% for raw soybeans and it is decreased faster when
the soybeans were subjected to contact with steam at higher temperatures and for longer times.
The reduction in protein solubility is caused by the destruction of helical regions of the
proteins and subsequent disulfide bond, which links between amino acid groups.
Consequently, the proton of hydrogen in water molecules inside proteins will react with the
sulphur of disulfide to form as sulthydryl. However, the formation of sulthydryl is not stable
and protein molecules will aggregate with the neighbouring molecules by disulfide bond,
leading to the larger molecules of protein and the subsequent reduction in their dispersability in
water.

As shown in Table 1, for the low initial moisture content of 13.5% d.b., the inlet steam
temperature of 120°C is sufficiently high enough to inactivate the urease enzyme and the
treating time is taken only 7 minutes, which is 4 times shorter than the use of the same
technique but the hot air replaced the superheated steam (Osella et al., 1997; Soponronnarit et
al., 2001). Using this temperature, the protein solubility and lysine content maintain at the
satisfactory levels of 85% and 2.80 mg/g soybean, respectively. In addition, the colour of
treated soybeans does not changed much from the beginning, with the values of 83, 1.45 and
25 for the respective lightness, redness and yellowness related parameters. However, the
higher temperature of 120°C is not recommended because of lower protein solubility than the
desirable range.

When the superheated steam was introduced to the moist soybeans, it beneficially

provides shorter time for inactivation together with high protein solubility and lysine content.
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Unfortunately, their moisture contents at that treating time are still higher than the level for the
extended storage. They therefore need to further dry to the safe moisture content. As can be
seen from Table 1, the superheated steam can comply with both requirements, drying and
urease inactivation, for soybeans at initial moisture content of 19.5% d.b. while preserving
their nutritional value and yellow colour as long as the inlet steam temperature varies between
120 and 135°C. At elevated initial moisture content, two-stage drying, where the soybean is
treated with superheated steam at such a temperature range for a certain time to inactivate the
urecase enzyme and then followed with low-temperature hot-air drying to prevent the

denaturation of protein and brown colour development, should be applied.

CONCLUSION

Soybean treatment using superheated-steam fluidised-bed technique was examined.
Steam was initially condensed onto the kernel surface which enables grains to adsorb it. An
amount of condensed steam related to steam temperature and initial moisture content in a way
that high steam inlet temperature and high initial moisture content reduced the quantity of
condensing steam. During evaporation period, the transport of water is governed by internal
diffusion and the rate of water removal depends on the temperature and moisture content, the
first factor being the most important. During its operation, the urease activity and the colour of
soybeans, described by three Hunter parameters L-, a- and b-values, are also changed. The
rates of urease inactivation and brown pigment formation, corresponding to the decrease of L-
value and increases of a- and b-values, were enhanced by increasing temperature. In addition,
the inactivation rate was faster whereas the change rates of L- and a-values became slower
with higher initial moisture content, except for the b-value which showed an insignificant
change. To inactivate the urease enzyme while maintaining soybean qualities in terms of

protein solubility, lysine and colour, inlet steam temperature should not exceed 135°C; with
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120°C being the minimum required for treating dry soybean. Furthermore, this technique can
be acted as the simultaneous operation of inactivating urease and removing water in a single

operation for the moist soybean at a certain level.
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Table 1 Protein solubility and lysine content of soybeans treated with superheated steam at various temperatures

Initial moisture content Inlet steam Treating time  Moisture content after ~ Protein solubility ApH Lysine content
(%d.b.) temperature(°C) (min) treatment (%d.b.) (%) (mg/g of soybean)
Raw soybeans - - - 94.3 1.9 2.85
120 7 14.0 85.7 0.2 2.80
13.5 135 5 12.4 71.7 0.03 2.76
150 5 10.7 54.9 0.04 NA
120 5 18.3 85.2 0.04 2.67
15 16.7 75.3 0.005 NA
5 16.5 82.3 0.01 2.71
19:5 135 7 14.8 76.7 0.005 NA
150 2 18.9 83.8 0.02 NA
5 14.1 72.9 0.015 2.82
120 2 38.9 80.6 0.05 NA
135 2 34.1 81.4 0.025 NA
36 15 14.7 59.4 0 NA
150 2 31.6 75.3 0.02 NA
10 11.4 53.6 0 NA

79



V = valve

Figure 1 Schematic diagram of superheated-steam fluidised-bed system
[ 1) fluidised-bed dryer, 2) heater unit, 3) fan, 4) cyclone, 5) boiler
6) bypass line]
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Figure 2 Relationship between pH difference and residual urease activity
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Abstract

The present work investigates the behaviours of moisture diffusion and urease
inactivation in soybean during which the kernels are fluidised by superheated steam
and hot air. Experimental results indicate the effective diffusion coefficient and
apparent inactivation rate constant to be depended not only on the moisture content
and temperature, but also on the type of heating medium where the superheated steam
provides a faster rate of enzymatic inactivation than does the hot air while giving a
slower rate of moisture diffusion. The inactivation of urease enzyme, along with
maintaining protein solubility and lysine content to be in standard range, was
succeeded as soybeans were treated a temperature between 135 and 150°C for the hot
air and the treatment temperature could be reduced lower than 135°C by using

superheated steam.
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1. Introduction

Full fat soybeans, referred as soybeans prior to oil extraction, have a high
potential to use as a feedstuff because of their high oil and high-quality protein
contents. However, the presence of biologically active compounds in raw full fat
soybeans, such as trypsin inhibitors, haemagglutinins, lectins and saponins, limits the
utilisation of their nutritive values (Hensen et al., 1987; Liener, 1994), resulting in the
health and performance of non-ruminants and immature ruminants. To eliminate or
reduce antinutritional factors, heat treatment is needed. Different technological
processes have been developed but all are based upon heating for a certain amount of
time. Heat treatment methods frequently used are for example cooking, wave
emission treatments and roasting treatments (Stewart et al., 2003; Hensen et al., 1987;
Raghavan & Harper, 1974). The method that will be studied in the present research is
devoted to the roasting treatment. The roasting methods involve the treatment of
soybeans using the heated air with a temperature varying between 110 and 170°C
(Cheong, 1997). There are many types of roasting technique such as rotary drum
dryer, salt bed roasting and conventional grain dryer. Most of these methods provide
non-uniform cooking of soybeans since the contact between medium and kernels is
ineffective.

To improve its uniformity, fluidised bed is an alternative approach. With this
technique, the fluid is forced through a bed of particles, with a sufficiently high flow
rate that the lift force is counterbalanced with the weight of particles. This accordingly
induces particles to suspend and simultaneously rotate in fluid stream, so that each

particle in the bed intimately contacts with almost the same fluid temperature. While
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soybean kernels are being suspended, drying and inactivation of trypsin inhibitors
take place simultaneously in the bed. Control of the fluidised-bed roasting for soybean
is difficult. Different variables influence each other and are therefore difficult to
separate independently. Thus, it is necessary to understand the involved mechanisms
and their relationships in order to be able to control the roasting process effectively.
Several workers used moisture content of soybean, temperature and time as control
parameters for the roasting process (Soponronnarit et al., 2001; Osella et al., 1997).

Air is commonly used as drying medium. With the hot air, some exhaust air is
delivered to atmosphere and this waste energy causes drying as energy intensive
process. There is a strong incentive to make the process more efficient. The use of
superheated steam as drying medium can save a lot of energy since the waste heat can
be recovered or used for other units of industrial process (Berghel & Renstrom, 2002;
Fitzpatrick, 1998). Fixed bed, fluidized bed, flash and impinging stream driers have
been applied to dehydrate a variety of products including paddy, shrimp, sugar beet
pulp, potato and paper.

This study is directed towards understanding the steam drying process,
together with inactivation of antinutritional factors while soybeans are being treated,
and how the results from steam treatment are differently produced from the
conventional hot air. The differences considered were the drying rate and inactivation
rate, both of which were quantitatively determined by effective diffusion coefficient
and reaction rate constant, respectively. In addition to both parameters, protein

solubility of treated samples was also determined.

2. Materials and methods
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Raw soybeans, with an initial moisture content of 13.5% d.b., were purchased
from local market. The dry soybeans were rewetted by adding the required amount of
water to get the initial moisture contents of 19.5 and 36% d.b. After rewetting,
samples were kept in cold room at a temperature range between 8 and 10°C for a
week to allow water to penetrate into kernels. Before treating soybeans, the sample
taken from the cold room was left in environmental condition until grain temperature
was close to ambient temperature.

2.1 Equipments

Figure 1 schematically shows a system of superheated-steam fluidized-bed
dryer. The system consists of four main components i.e. a boiler, a drying chamber
with a dimension of 15 cm diameter and 100 cm height, an electrical fan and heaters.
The designed system can be alternatively used either hot air or superheated steam.
Before treating soybeans with superheated steam, the hot air at the same temperature
as the desired level of superheated steam was initially employed for warming up the
components until their temperatures reached the desired level. The reason of using hot
air aims to prevent possible condensation of steam in the system. The saturated steam,
generated from a small boiler at 106 kPa absolute pressure, was then entered into the
system by opening a valve V1 and at the same time, the air was vent to atmosphere at
a valve V8. The saturated vapour was reheated at unit No.2 containing 13.5 kW
electrical heaters to change its state to superheated vapour. The velocity required for
fluidising kernels in the bed was accelerated by the backward curve blade electrical
fan, with a 2.2 kW motor connected to a frequency inverter to precisely adjust the
flow rate. The saturated vapour was eventually reheated at unit No.2 containing 13.5

kW electrical heaters to change its state as superheated vapour.
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In experiments, the superficial velocity flowing through particle bed was
approximately 3.2 m/s for superheated steam and 2.6 m/s for hot air. At both selected
velocities, Reynolds number was identical. After the fluid left the drying chamber, it
conveyed to a reverse flow cyclone and the cleaned fluid was fully reused for
superheated steam whereas the hot air, with a certain portion, was delivered to
atmosphere and the remaining portion was reheated and mixed with fresh air.

Soybeans, with an amount of 1 kilogram corresponding to a 10 cm bed height,
were treated with hot air and superheated steam at temperatures of 120, 135 and 150°
C. A PID controller, with an accuracy of *1°C, was used to control the inlet
temperature at desired level. The temperature at other two positions viz within bed
and outlet from drying chamber was also monitored by inserting K type
thermocouples connected with a data logger, with an accuracy of reading + 1°C.
Samples were withdrawn from drying chamber at valve V.9 to determine
quantitatively the moisture content, urease activity, protein solubility and lysine
content. The moisture content of soybean was determined by drying in an electrical

oven at 103°C for 72 hours (ASA, 1990).

2.2 Urease activity measurement

Urease enzyme present in raw soybeans does not affect on growth depression
in animals. Urease enzyme can be inactivated by heat treatment of soybeans and its
inactivation rate is almost the same as that of trypsin inhibitors (Baker and Mustakas,
1973, Osella et al., 1997). Hence, urease activity is practically used as a criterion for
quality control of soybean meal. At the present study, it was determined by
Rasmussen’s method (Rasmussen, 2002). The reaction time for urease enzyme to

develop ammonia was 60 minutes. The residual urease activity is expressed as the
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ratio of milliequivalents of ammonia produced from urea per gram of thermally
treated soybeans to that obtained from raw soybeans. In uncooked soybeans, ammonia
was produced with an approximate value of 5 milliequivalents/g. The residual urease
activity for adequately treated soybeans gives in a range of 10 and 20%. Below 10%

presents the over heating.

2.3 Protein solubility measurement

Protein solubility is an important parameter to feed meal industry that uses to
characterise the quality of soybeans after passing the heating process, in addition to
trypsin inhibitors. Protein solubility was determined according to the AOCS method
BA 10-63 (AOCS, 1979). This method involves the dispersion of proteins in 0.2%
KOH solution. The protein solubility is defined as the ratio of nitrogen content in the
supernatant after extraction with 0.2% KOH to total nitrogen content of material. The
total nitrogen content and the nitrogen content in the supernatant were performed by
Kjeldahl method.
2.4 Lysine measurement

Lysine content in soybean was analysed by AccQ-Tag method (1993). The
grounded soybean was hydrolysed by HCI solution at 110°C for 22 hours and was
then derivatized with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AccQ-
Flour reagent). The lysine content was eventually determined by a high performance
liquid chromatography.
2.5 Drying Kinetics

Solid materials when subjected to dry with superheated steam and hot air
under the same inlet temperature result in differently phenomenological change in rate

of moisture removal. Difference in the moisture transport rate amongst both drying
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media is mostly explained by the temperature difference between the drying surface
and drying medium (Schwartze & Brocker, 2000; Sheikholeslami & Watkinson,
1992). This leads to different heat transfer rate, which may then influence on
diffusivity as a parameter characterising the internal structure and the nature of the
solid.

In determining the effective diffusivity, it was assumed that soybean had a
spherical shape and Fick’s equation for transient state, along with the initial and
boundary conditions, was then solved analytically and the solution was eventually

expressed as (Crank, 1975)

M) 6 &1 n’z’D, gt
_()__Zz_z _r—zeff) (1)

in n=l1
where D is the effective diffusion coefficient (m?/s), r is the particle radius (m), M(t)
is the moisture content of soybean at time t (d.b.), My, is the initial moisture content
and t is the drying time (s). To achieve eq.(1), it was assumed that gas-phase mass
transfer resistance was negligible and moisture content at the grain surface was nil
after the grain was contacted with a fluid at a temperature above normal boiling point
temperature. In addition, the moisture content of soybeans at positions within grain
after rewetting was spatially uniform at the beginning.

Several authors (Babalis & Belessiotis (2004); Prachayawarakorn et al.
(2002); Hebbar & Rastogi (2001)) used eq. (1) to describe the diffusional flow of
moisture inside the agricultural materials dried with different drying media i.e.
infrared radiation, superheated steam and hot air. In their work, the effective
diffusivity was determined by correlating the moisture data with eq. (1) and then

applying a non linear regression technique to estimate the diffusive parameter.
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Because of non-linearity of drying curves, a method of slopes was used to
determine the effective diffusivity through which the moisture content of material was

reduced under a given condition. Differentiation of eq.(1) with respect to time yields

o0 2_2
M) _ 6M:2Deff S exp(~ 27 Dyt @
n=1

dt r’
The drying slope was known experimentally and replaced into eq. (2) on the left hand
side. Accordingly, its effective value was estimated. With such a simple approach, it
can understand how the moisture content and drying medium affect the diffusional
transport behaviour of moisture inside the kernel. Relationship between the effective
diffusivity and the drying conditions is explained by an empirical equation of which
their constants are determined by a non linear regression technique. The validity of

the proposed equation is dictated by the coefficient of determination,R?, and residual

sum of square, RSS which is defined as

Z (Zexp,i - anl,i )2
RSS = |- 3)
n-p

where Z, is the experimental value of the dependent variable, Z., is the calculated
value from the model, n is the total number of experimental data and p is the number
of constant parameters in the fitted equation.
2.6 Thermal inactivation of urease enzyme

The apparent kinetics of urease inactivation in raw soybean were studied in a
series of experiments by means of thermal treatment in the fluidised bed using
superheated steam and hot air as described in section 2.1. The thermal inactivation of

urease follows the modified first-order reaction which is expressed by

M = exp(—kt) (4)
Cin - Ceq p
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where C(t) is the residual urease activity at time t, Ci, is the residual urease activity at
the beginning, C, is the residual urease activity at infinite time, k is the apparent rate
constant, min', and t is the reaction time, minute. Rewriting eq.(4), it thus becomes

C() =(C,, —C,)exp(-kt) +C,, (5)

k and C.q are obtained by the method of non-linear regression when the residual
urease activity is plotted against the treatment time and their values depend on both

drying condition and drying medium.

3. Results and discussions

3.1 Moisture reduction in superheated steam and hot air

Figure 2 shows the changes of moisture content of soybean in superheated
steam and hot air. In the experiments, soybeans at initial moisture content of 13.5%
d.b. were contacted with both drying media at a temperature of 135°C and the
experimental results are shown that the curve of moisture change in superheated-
steam drying is almost the same trend as found in hot air, except for the early period
of drying at which soybean kernel gains in moisture content from the steam
condensation. As found from the experiments, soybeans adsorbed more moisture in
low-temperature superheated steam than high-temperature superheated steam. The
moisture contents of soybeans in superheated steam at temperatures of 120, 135 and
150°C were increased by 3.0, 1.9 and 0.6%, respectively, for the samples at initial
moisture content of 13.5%. Tang & Cenkowski (2000) also found the similar result in
which quantity of adsorbing condensed steam by potatoes was larger with lower
temperature of superheated steam. These results may possibly suggest that the amount
of condensed steam is reduced when the superheated steam at elevated temperature is

employed.
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During period of steam condensation, the superficial velocity flowing through
the particle bed was dropped, due to some amounts of steam condensation, and this
caused insufficient speed to lift the particles. Consequently, bed of particles likely
acted as a packed bed. This behaviour occurred at a very short period, approximately
a half of minute of total drying time. After that, the bed of particles could be moved
freely although the condensation period still existed, indicating decrease in an amount
of condensed steam.

Difference in the behaviours between superheated steam and hot air reflects on
the temperature within bed of particles where the bed temperature from the
superheated-steam drying rapidly increases from room temperature to above 100°C in
a very short period, as shown in Fig.3 for the temperature of 135°C, whilst the bed
temperature from the hot air drying is risen with a slower rate. However, when the
drying is extended for a longer period, the bed temperatures amongst superheated
steam and hot air are not largely different.

3.2 Effective diffusion coefficient

By applying eq.(2) to the experimental results, one notices that the effective
diffusion coefficient varies with moisture content in a way that their values decrease
with decrease in moisture content as shown in Fig.4, where the data presented were
obtained by drying soybeans at initial moisture content of 36% d.b. and temperatures
of 135 and 150°C. In addition, the data were selected at the specific range where the
change of bed temperature with time was small. The dependence of effective
diffusion coefficient with moisture content was also reported by several workers (Pel,
Brocken & Kopinga, 1996, Koptyug et al., 2000, Azzouz et al., 2002). From all
studies, the moisture movement towards the exterior surface is limited by internal

diffusion and its movement causes morphology of materials to be changed. The
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change of material characteristic makes the transport of water to be distorted and this
influence possibly results in the variation in moisture diffusivity.

In addition, the value of diffusion coefficient also relies upon the drying media
in which soybean drying in hot air has a higher moisture diffusion rate than in the
superheated steam. In principle, the diffusion coefficient of moisture in soybean
should be higher with superheated steam because the bed temperature, as a main
driving force for accelerating moisture movement, is higher as already illustrated in
Fig.2, but it is apparently lower. The poorer diffusion rate of water in soybean while
contacted with superheated steam may result from the rapid rise in the bed
temperature which induces larger changes of the soy proteins, for both denaturation
degree and aggregation state (Yamauchi, Yamagishi & Iwabuchi, 1991; Hermansson,
1978). The denaturation may be resulted in proteins unfolding, which exposes more
water-binding sites. This phenomenon therefore results in the movement of water to
be difficult when soybeans are subject to be dried by superheated steam. The
denaturation also reflected the solubility and water imbibing capacity in which the
denaturated soybean sample had a greater amount of water uptake than the native
sample (Jovanovich et al., 2003).

Reduction in effective diffusion coefficient to moisture content of soybean in
drying media of superheated steam and hot air shows difference in magnitude under
the same temperature and the analysis using a nonlinear regression technique has
suggested the following forms to predict the effective diffusivity of soybean moisture
content in both drying media:

Hot air :

D, =(-8.47x10° +4.17x10"°T - 5.1x10""T?) exp(1.49M exp(0.003T)) (6)

Superheated steam:
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D, =[36x107 exp(0.09204T) |exp] (-2313.9+11.753T ~0.01487T*)M |

(7)
The results from statistical fit gave the corresponding R” and RSS of 0.86 and  3.6x
107" for superheated steam and of 0.8 and 3.1x 107" for hot air.
3.3 Inactivation of urease enzyme

Soybeans treated by superheated steam and hot air were withdrawn from the
fluidised-bed at different treatment times to determine the urease activity and the
results are illustrated in Fig. 5, showing the variation of residual urease activity after
soybeans, with initial moisture contents of 13.5% and 19.5% d.b., were thermally
treated by superheated steam and hot air at temperature of 120°C. Using different
drying media diversely exhibits the urease inactivation where decrease in the urease
activity is relatively faster in the environmental superheated steam than in the hot air.
Insufficient inactivation is obvious with hot air for soybean at the initial moisture
content of 13.5% d.b. for which the residual urease activity, shown in Fig. 5, remains
steadily 40% although an extended period of drying time is applied. As the initial
moisture content is increased to 19.5% d.b., however, the sufficient inactivation is
detected at a drying time longer than 25 minutes.

In contrast to hot air, elimination of urease enzyme can be achieved with
superheated-steam temperature of 120°C, with the level of residual activity below
20% after soybeans with moisture contents of 13.5 and 19.5 d.b.%d.b. are contacted
with this medium for 7 and 5 minutes, respectively. The achievement of using
superheated steam over the hot air for inactivating the urease enzyme can probably be
explained by the different phenomena between superheated steam and hot air during
which both media contact the kernels. The appearance of steam condensation on the

grain surfaces makes the bed temperature to be strikingly increased because of
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releasing heat from the steam condensation, which is more powerful than the heat
from the hot-air convection, thereby allowing the higher bed temperature in particular
at early period of time for the superheated steam and correspondingly stimulating the
faster inactivation of urease enzyme.

Fig.6 shows the apparent rate constant of urease inactivation, determined by
fitting the experimental data to eq. (5), under condition of different initial moisture
contents and inlet-steam temperatures. At each of the initial moisture content of
soybean, the apparent rate constant in the superheated steam is higher than is in the
hot air and the difference in their apparent rates becomes larger when the higher level
of moisture is employed. As observed for these results, it can be seen that the
temperature shows a strong contribution to inactivate the urease enzyme, as indicated
by the steep slope of plotting the residual urease activity against the temperature,
when soybeans at any moisture level are treated with superheated steam or hot air.
However, the temperature effect seems to be less pronounced for sample at 36%d.b
treated with superheated steam: the value of inactivation rate constant increases
slightly with temperature. This behaviour is rather different to that found in hot air for
the same level of moisture studied at which the temperature still plays an important
role in accelerating the inactivation. This is perhaps because the heat transferring from
hot air to the highly moist gains is mostly utilised for vaporising the moisture so that
progression of the temperature within bed of particles is correspondingly lower and
loss in the moisture content becomes faster, leading to a slower rate of inactivation.

As discussed about the apparent kinetics of urease inactivation, their
behaviours amongst the superheated steam and hot air show diversity particularly at
low temperature of 120°C and the relationships of the apparent rate constant and

equilibrium value with the relevant parameters i.e. bed temperature and initial
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moisture content, are given separately for each heating medium by the following
empirical equations:
Hot air:

1.224x10°M,

k=(-7.92x10° +3.54x10°M, +2.086x10’T — - )x
exp(— 0.5526  6697.61 2392.2M, ) R®=099 and RSS=0.079
M,, T T
(8)
C,, =6.67x107 +5.0x10°M;, +1.80x107"'T-2.69x10™"" M, T)x
9
exp( 0.740 + 5960'5) R*=0.85 and RSS =10.4 ©)
M, T
Superheated steam:
7
k=(—1.014><104+0.075T2 —7.66x10"M,, +1.89x10*M}, +M]x
exp| — 0-5348 15075 1 R2_0.95 and RSS = 0.347
M, T
(10)
C.,=(~0.047523+0.071742M2 +1.22 10_4T)exp(— 978-1T5Mm " 322;286j
R*=0.95 and RSS = 1.47
(11)

The adequacy of the fitted models to predict the apparent rate constants throughout
the operating conditions, for both steam and hot air, is presented in Fig.6 by solid
lines.
3.4 Protein solubility and amino lysine

In addition to antinutritional factors considered by feed meal industries,
protein solubility and lysine content are also paid attention because both qualities are

detrimentally affected by thermal process. Overcooking of soybeans can denature and
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insolubilize the protein, resulting in poor performance of poultry when the
overcooked soybeans are fed (Marsman et al., 1995; Zhu, Riaz & Lusas, 1996;0sella
et al., 1997). Some treated soybean samples that contained the urease activity lower
than 20% were taken to examine the protein solubility and lysine content. Changes in
protein solubility of soybeans thermally treated by superheated steam and hot air at
different temperatures are shown in Table 1. Raw soybean taken to treat with the hot
air and superheated steam was bought from different lots and it contained the lysine
about 2.9 milligram/gram soybean for the superheated-steam experiments and 3.1
milligram/gram soybean for the hot air. When the soybeans are treated thermally, its
qualities in terms of protein solubility and lysine content depend upon the treatment
time, temperature and type of heating medium.

As soybeans with the initial moisture content of 13.5% d.b., at which it is
practically used for long-term storage, are dealt with the hot-air temperatures of 120
to 150°C, the urease enzyme can be inactivated within 5 minutes, except only for the
temperature of 120°C at which the enzyme cannot be inactivated. At this temperature
range, the protein solubility is in a range of 71 to 78%, below 73% presenting
unacceptable for the feed meal, and the lysine is given in the range of 2.8 to 3
milligram/gram soybean, which is beyond the standard requirement for which the
lysine content is higher than 2.4 milligram/gram soybean. For the superheated steam,
the urease can be inactivated within a shorter time, requiring only 5 to 7 minutes, as
compared to the hot-air treatment under the same treatment condition. Under these
treatment times, the protein solubility and the lysine fall to the respective ranges of
549 to 85% and 2.7 to 2.8 milligram/gram soybean. These results, for both
superheated steam and hot air, are realised that the treatment temperature can be

reduced when the heating medium is changed from hot air to the superheated steam,;
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the temperature of 120°C can be effectively employed for the superheated steam
whilst the temperature of 135°C is a minimum required for the hot air. Under the
specified temperatures for both heating media, it is likely that soybeans treated by
superheated steam have a higher quality of protein solubility than those treated by hot
air, due to faster heating rate and the corresponding shorter treating time.

When both heating media are introduced to treat soybeans at the elevated
moisture content, the results are shown that although the level of urease activity is in
the acceptable range, using hot air at temperature of 120°C is not recommended
because of poor protein solubility whereas the protein solubility for the steam-treated
soybeans is beyond 80%. The increase of temperature for particular hot air shows
positive results in which the higher protein solubility is clearly noticed and its quality
is not very different from that obtained from the treatment by superheated steam at
temperature of 120°C or higher. As can be seen in Table 1, even though the higher
moisture content can eliminate the enzymatic activity in a short period of time and
consequently, improve the protein solubility, but the moisture content of soybean does
not reach the level for storage and it needs further to be dried. Under such situations,
it is likely to meet the requirements at the initial moisture content of 19.5% d.b. for
which soybean should be treated with hot-air temperature of 135 to150°C or steam
temperature of 120 to 135°C. Beyond this moisture level, two-stage drying, where the
soybean is treated with superheated steam or hot air at such a temperature range for a
certain time to inactivate the urease enzyme and then followed with low-temperature
hot-air drying, should be applied, otherwise the soybeans are overcooked, indicating
by lower protein solubility than the desired range.

According to these results, there are two practical approaches to treat the raw

soybeans for feed meal industries where the dry soybeans are stored. The
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superheated-steam fluidised bed may suitably be applied to eliminate the
antinutritional factors in dry soybeans and the appropriate treatment temperature
should be lower than 135°C, preferably a temperature of 120°C. To avoid the
difficulty of operating the superheated steam system, hot air is an alternative method
and in this case, the dry soybeans should be added with a certain amount of water in
order to accelerate the enzymatic inactivation before the large amount of protein
insolubilization is developed. To achieve the high quality of treated soybeans, the
suitable initial moisture content for treating soybeans with hot air should be given
below 20% d.b. and the temperature should be employed at a temperature higher than

135°C.
4. Conclusions

Soybeans when subjected to thermal treatments using different heating media
exhibit distinctly moisture transfer rate and inactivation of urease enzyme. The
diffusional rate of moisture in soybean, as evaluated by effective diffusion coefficient,
is relatively slower in the superheated steam than in the hot air, whereas the rate of
enzymatic inactivation in the superheated steam, as evaluated by apparent inactivation
rate constant of the modified first order reaction, becomes faster. For each heating
medium, the effective diffusion coefficient and inactivation rate constant are shown to
be positively related to moisture content and temperature. To get rid of the urease
enzyme present in soybean and simultaneously preserve its nutritional qualities,
protein solubility and lysine content, in the standard range, the fluidised bed should be
operated at temperature of 135 to 150°C for the hot air and below 135°C for the
superheated steam. Under such temperature ranges, the superheated steam-type
heating medium shows the protein solubility of treated sample to be higher than hot

air when applied to the dry soybean, except for the moist soybean where the types of
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heating medium do not impact on such quality since the urease enzyme is inactivated

at a short period of time before the protein denaturation is largely formed.
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Captions
Table 1 Protein solubility and lysine content of soybeans treated with superheated
steam and hot air at various temperature.
Fig. 1 Schematic diagram of superheated-steam fluidised-bed system
[1) fluidised-bed dryer, 2) heater unit, 3) fan, 4) cyclone, 5) boiler, 6)
bypass line).
Fig. 2 Drying curves of soybean superheated-steam and hot-air fluidised bed.
Fig.3 Change of temperature within bed of soybeans being fluidised by
superheated steam and hot air
Fig. 4 Variation of effective diffusion coefficient with moisture content in the
soybean contacted with superheated steam and hot air
(initial moisture content of 36% d.b.).
Fig. 5 Apparent kinetics of urease inactivation present in soybean during thermal
treatments with superheated steam and hot air.
Fig. 6 Variation of apparent rate constant of urease inactivation with initial
moisture content and bed temperature for soybeans treated by superheated

steam and hot air.
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Table 1 Protein solubility and lysine content of soybeans treated with superheated steam and hot air at various temperatures.

Temperature (°C) Mi, (%d.b.) Time(min.) 3\/[ © Urease activity (%) Protein (,S olubility (I;ng/lg esg;)ggf)
(%d.b.) (%)
Raw soybean 100 94.28 2.9-3.1
13.5 50 393 37 71.10 NA
120 19.5 30 6.98 19 70.98 3.0
36 30 10.06 17 63.28 3.0
13.5 5 9.72 15 78.68 3.1
135 19.5 5 14.42 13 84.33 NA
Hot air 16 5 23.72 12 85.19 NA
15 12.68 0 66.64 NA
13.5 5 8.21 10 74.17 2.8
150 19.5 2 15.52 16 87.86 NA
36 5 20.74 10 76.83 NA
10 10.32 0 57.90 NA
13.5 7 13.95 16 85.66 2.8
120 19.5 5 18.34 12 85.20 2.7
36 2 38.95 13 80.59 NA
13.5 5 12.44 11 71.76 2.7
19.5 5 16.52 9 82.25 2.7
Superheated 133 2 34.14 12 81.38 NA
steam 36 15 14.70 0 59.51 NA
13.5 5 10.67 12 54.94 NA
2 18.94 11 83.84 NA
150 195 5 14.06 10 72.90 2.8
36 2 31.61 11 75.13 NA
10 11.41 0 53.59 NA
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Fig.1 Schematic diagram of superheated-steam fluidised-bed system
[ 1) fluidised-bed dryer, 2) heater unit, 3) fan, 4) cyclone, 5) boiler,
6) bypass line] .
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Moisture content (%d.b.)
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Fig.2 Drying curves of soybean in superheated-steam and hot-air
fluidised bed.
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Bed temperature (C)
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Fig. 3 Change of temperature within bed of soybeans being fluidised
by superheated steam and hot air .
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Effective diffusion coefficient (mZ/s)
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Fig. 4 Variation of effective diffusion coefficient with moisture content
in the soybean contacted with superheated steam and hot air
(initial moisture content of 36%d.b.).
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Residual urease activity(%)
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Fig 5. Apparent kinetics of urease inactivation present in soybean
during thermal treatment with superheated steam and hot air.
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Fig. 6 Variation of apparent rate constant of urease inactivation
with initial moisture content and bed temperature for soybeans

treated by superheated steam and hot air.
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