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Abstract. Okara pellets with 75% of moisture content (w.b.) waedydrated firstly in a pneumatic tube until 648ak.) and
afterwards in a rotational drum until 3% (w.b.). Timtemperature and drum rotation were correlated. Tnging temperatures
used were 130°C, 150°C, and 170°C in the pneumaticdandes0°C, 60°C, and 70°C in the drum dryer. The dratations used
were 27 rpm and 47 rpm. During the first drying levakara presented fast moisture decreasing andnduthe second one the
drying rates were lower due to the lower temperatwssd. The combination with 150°C in the pneumatie taid 70°C in the
rotational drum provided the highest drying ratedamcceptable darkening level. After okara’s thermpedperties were obtained
versus time and temperature. Thermal propertiesvery important to simulate heat transfer duringrial treatment of foods.
The okara’s thermal properties obtained were denspecific heat, thermal conductivity, thermal ukff/ity, and mass transfer
coefficient from analysis of its centesimal comipasj furthermore, heat transfer coefficient alsasacalculated,. The results show
that it is possible to estimate the thermal projsrtusing the experimental temperature and moistargtent history and the
centesimal composition of the food with good preaisi
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1. INTRODUCTION

Okara is the residue from the soy milk productioacess. It contains around 75% (w.b.) of moistwetent and
approximately 95% of the soy grain solid componentss indicates that the okara’s nutritional vakigery high and
that large quantities of it are produced (Smith @dle, 1978). According to Jackson et al. (20@bput a third part of
the soy isoflavone content is transferred to okiareontains mostly crude fiber, about 25% protemd 10 to 15% oil. It
is a suitable dietary additive in biscuits and &saoecause it reduces calorie intake and incrediséary fiber. The
high-quality protein fraction has good water hotfiand emulsifying qualities and contains a peptiddh anti-
hypertension effects (Travaglini et al., 1980; Wat@g89; O'Toole, 1999). The okara oil component akwo be applied
in the cosmetical and pharmaceutical industriestéy 2005).

The large quantities of okara produced annuallyeosignificant disposal problem due to its higbidgical value.
This can be avoided by using okara wet, dried & paste in several food products. Some uses ohalteady studied
are related to the processing of French breads I@oand Demiate, 2006), sandwich loaf (Silva et2006), cheese
breads, which are a product from Brazil (Aplevied &©emiate, 2007), sweet biscuits (Larosa et 8D3? and candies
(nougat) (Genta et al., 2002). For all the studiested the results of the sensorial tests showsfesaory acceptance
levels. Using okara as a substrate for fermentati@m et al. (2001) produced eicosapentaenoic andsahexaenoic
acids and Khare et al. (1995) produced citric aBielyond of the previous works quoted, there arkiténature other
works on the specific okara drying: Wachiraphansakd Devahastin (2005) and Coronel and Tobinag@4pPused a
spouted bed, Taruna and Jindal (2002) used a cmntinvortex-like moving bed of inert particles, aratsumi et al.
(2005) applied the eletrohydrodynamic technique.

From that literature revision, one can note thatdtare some studies about the uses of okara, leowexery small
guantity of this subproduct is being used in thedfindustry today. According to Perera (2005) ahdi&et al. (2000),
color is a major quality parameter in dried fooddurcts. The drying process proposed in this st wkara extruded
on the shape of spherical pellets, with 78% (wab.jnoisture content, which are pre-dried in a pnatientube with
temperatures of 130°C, 150°C, and 170°C until &ss lof their superficial adhesion and then theepelre dried in a
rotational drum using 50°C, 60°C, and 70°C un#tlachieve the moisture content of 3% (w.b.).

2. MATERIAL AND METHODS

In this study, several drying tests were accomplisand the operation temperature was studied ier aodfind the
drying condition which allows obtaining dehydratekira pellets with the lightest color possible amdhe shortest
time. The drying method proposed in this study usikera on the shape of spherical pellets with diamé mm,
making the heat and mass transfer easier. Thesitrof okara was accomplished in an extruder, bitiEG, model
22STI. In order to promote the drying tests, twgimly equipments were adapted and built. Firstlyadaptation in a
spray-dryer (brand Lab Plant, model SD-05) was mad®der to simulate the pneumatic tube. A cylindéh 12 cm
diameter that fits in the air exit was built. Aetend of the tube a structure which consists irceHieight cylinder was
encased. This structure has its upper part opemgeerimit the air flow and its lower part is a drdl net, which
accommodates the okara pellets that are being,dai®drig. 1a shows. Such equipment is called is shiidy of
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pneumatic tube. Afterwards, a cylinder with 15 cianteter with intern wings to revolve the pelletssvimiilt in order
to play the role of the drum. This cylinder wasased to an engine that permits the cylinder ratafidhe rotational
drum dryer built can be seen at Fig. 1b. The hosw@dply derives from the spray-dryer, as preseimédg. 1c.

(a)
Figure 1. (a) Spray-dryer adapted: pneumatic t(ljeRRotational drum dryer built; (c) Air supply ftire rotational
drum derived from the spray-dryer.

3. EXPERIMENTAL RESULTS AND ANALYSIS

Each drying test was performed in triplicate. Thetamperature in each experiment in the pneuntatie was
fixed at 170°C, 150°C and 130°C, the highest teatpegs that could be used experimentally in ordeshtain high
drying rates, while in the rotational drum the @mperature was fixed at 70°C, 60°C and 50°C, teatyes that did
not cause high darkening rates. The drum rotattested were 27 rpm and 47 rpm, rotations that cteldused
experimentally without causing damages to the daglapted at laboratory. The influence of theserpaters on the
drying time is evaluated as follows.

3.1 Experimental results for the okara drying in the pneumatic tube

The air supplied by the spray-dryer has its redatiwmidity and velocity variable with the temperatuRelative
humidity was experimentally obtained through theaswgements of the air wet bulb temperature, witheamometer,
and the dry bulb temperature, which was measuréd avthermometer with its extremity covered by amid gauze,
and with the use of a psychometric chart. The aloaity was measured with a hot wire anemometean@rTesto,
model 445). The results obtained are describedallel'l. One can observe that the increase on thieraperature is
accompanied by a decreasing on the relative huynidiile the air velocity increases. Thereforeif ifvas possible to
use velocities of the order of 1 m/s, as is usudod drying processes, the drying time would dase considerably.

The analysis of moisture content were done by theigetric method, which consists in submitting saenple to a
convection drying in a stove at 105°C for arounch@irs. The temperature profiles were obtained tinothe
measurement of the pellet’'s temperature with typth@rmocouples. A data acquisition central (brari®l Abilent,
model 33250A) and a computer were also used far statage.

Figure 2a shows the moisture content versus timedoh drying temperature used in the pneumatie. thb higher
is the temperature, lower is the drying time, ageexed. The drying times using 170°C, 150°C an@Q3@ere 9, 10
and 15 minutes respectively. In terms of total migyiime, the curves for 150°C and 170°C, preseintédg. 2a, did not
differ significantly. Until 4 minutes of drying theurves are very similar, and the drying procesagushe higher
temperature reached the final moisture content ong/minute earlier. However, both these curve8@%:nd 170°C)
differ significantly of the drying process usingQE&, in terms of drying time, which lasted 5 anthiiutes more than
them, respectively. This is because the thermophygiroperties are dependent of the temperaturénodgh the
relative humidity and the velocity of the air arery similar for the temperatures used, varying frb7% to 0,38%
and 0,044 to 0,073 m/s, as described in Tableglapparent mass diffusivifip,,), which represents the capacity of the
water to migrate from inside the product to itsside, depends on the material, on its temperatodeita moisture
content. The values calculated @y, for this work are found in Perussello (2008) areliesented in Table 2. One can
observe that although the values iy, are all in the range of Tom?/s, the value for 70°C is more than two times
higher than the one found for 50°C, demonstratirgtemperature influence on the drying tifigure 2b shows the
temperature profiles, which were measured at thrdeceof the okara pellets for each drying tempeegatin the
pneumatic tube. The kinetic curves presented theesi@ndency: at the first minute the temperatuceeises very
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fastly, afterwards the temperature increasing besotlower, and then temperature stabilizes aroumdirfutes of
drying.
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Figure 2. Profiles of (a) moisture content andtéperature versus time during okara drying in pmegic tube.

Table 1. Air drying conditions and parameters @f pihoducts used in the pneumatic tube.

T (°C) RH (%) v (m/s)
130 1.17 0.044
150 0.77 0.051
170 0.38 0.073

Table 2. Apparent mass diffusivity for okara afeliént drying temperatures.
T(°C) Dgpx10° (M?/s)
50 1.0
60 15
70 2.2
130 4.1
150 6.2
170 7.4

According to Singh and Heldman (1993), the watéreg (a,) of a food must be decreased until approximatedy O.
in order to avoid the microbiological and enzymatiegradation reactions. For this reason, the mmeistentent
equivalent to this value &, was obtained by the water activity measurementskafa samples with different known
moisture contents with equipment called Aqualab detoCX-2). The results obtained for the water agtiare
illustrated in Fig. 3 and are expressed by the(Eq which has a regression coefficienfBf 0.9960.

Aa=17441X° -38129X* + 29846 X 3 —95507X ? +11201X - 0.0087, (1)

wherea,, is the water activity and is the moisture content (% w.b.).

According to Eq. (1), it is necessary to dehydmaitara until a moisture content of 3.02% (w.b.) dd31 kg/kg
(d.b.). The drying tests using temperatures of €70%50°C and 130°C will last half a minute lesstifahe pellets

were dried until they achieve the equilibrium moist content, that is, they will last 8.5, 9.5 antdl51 minutes,
respectively.
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Figure 3. Okara moisture content in function ofevactivity.

The transition for the second dryer equipment nhagipen when the pre-dehydrated pellets have thesathand
consistency sufficient for being dried in the ragaal drum without sticking into its walls. For éemining the
transition instant, okara samples with differenbln moisture contents were submitted to the ratationovement
inside the drum with a rotation velocity of 47 rpRour samples dried in the pneumatic tube with &napre of 170°C,
from 0 minute until 1.5 minutes, with an intervdl3® seconds, were used. The moisture content irbags of these
samples was respectively, 76.71%, 73.24%, 68.978668196%, from the initial drying time. The pellai$ these
samples were all well structured and separatedbaach other.

The first sample, which was not dried, was used asntrol sample. The pellets of this sample stocthe drum
walls, forming united mass, and did not come offrewith the equipment rotation. The second andhhid samples
also stuck into the equipment, in despite of thaiver superficial adhesion. However, the pelletshaf next sample,
equivalent to 1.5 minutes of drying, left the pregz@tact and separated. This way, independentiyeo&ir temperature
and velocity of the first drying level, the pelletdl be transferred to the second drying equipmeinén they reach the
moisture content of approximately 64 % w.b, withearor of around 1% (w.b.).

3.2 Experimental results for okara drying in the raational drum

In the rotational drum, three different drying teemgtures were used, 50°C, 60°C and 70°C, and ftfferedit
rotations, 27 and 47 rpm. The velocity and thetingahumidity equivalent to each drying tests amrespnted in Table 3.
The air velocity obtained experimentally was alsacmsmaller than the desired one, but it was altewstimes higher
than the velocities of the first drying level. Thdan be explained by the difference on the pipetiimneter, which
carried the same air quantity from the spray-dtgehe rotational drum. The pneumatic tube diamistés cm and the
pipeline that supplies the air for the drum dryas a diameter of 6.5 cm.

The preliminary tests indicated that the total tifoe drying in the rotational drum is approximate&l9 minutes.
Submitting the product to drying with the same taimperature and varying only the drum rotationyeheere no
significant difference on the moisture loss, tlgtihe process times were the same. This manngheomext analyses,
only the drying processes with the lowest rotathypm, was used.

In Fig. 4a the profiles of moisture content usihg second drying equipment are presented agastithé using
only the rotation of 27 rpm. To achieve the equilitn moisture content, the process uses 30, 3134ndinutes using
air temperatures of 70°C, 60°C and 50°C, respdygtieall drying curves there are two drying peiso until half of the
process the moisture content is fastly reducedimtite rest of it the drying velocity decreases:. the pellets to reach
the water activity of 0.3, the process time econdomthe drying in rotational drum will be highdran in the first one:
1, 2.5 and 5 minutes using temperatures of 50°%; @dd 70°C. Then, the processes will last 33, @825 minutes,
respectively. The temperature profiles in functadriime, using the second drying equipment, arasgmied in Fig. 4b.
One must note that in 5 minutes of drying the tenajpee of the okara pellets reach its maximum valoe it remains
practically constant until the end of the dryinggess.
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Figure 4. Profiles of (a) moisture content andtémperature versus time during okara drying introtal drum.

3.3 Experimental results for the complete drying pocess

In order to investigate the operation temperatnfieénce on the process time, some combinationsdmst the first
and the second drying levels, performed in the praic tube and in the rotational drum, respectivelgre tested.
With this purpose, a completéz'??factorial experimental design was used (with 2des; which are the temperature of
the first drying level and the temperature of tleeahd one, two levels and one central point). Reptins of the
experiments were done, generating 5 experiments.

The profiles of moisture content and temperaturesue time of the okara pellets for the five experits are
presented in Figs. 5a and 5b, respectively. FigHsavs that the experiments 2 and 3 present theeshalrying time,
followed by the 5, 1 and 4. The drying times foe tbkara to reach the moisture content of 3% w.btheycombined
drying processes are presented in Table 3. Comsid#rat the combined drying process is discontisydhat is, the
pellets must be transported from the spray-dryghéodrum dryer when they achieve the transitiomtpof moisture
content (63% w.b.), there is a discontinuity on fhalet's temperature. As they leave a process avlibe air
temperature is high and enter in the drum dryeerethe temperature is lower, the temperature eptilets suffer a
considerable decrease, as can be seen in Fig. 5b.
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Figure 5. Profiles of (a) moisture content andtémperature versus time for each experiment ofaollaying.
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Table 3 — Okara’s drying time for each experiment

Experiment Temperature for the first  Temperature for the second Drying time (min)
drying level (°C) drying level (°C)
1 170 50 34,5
2 130 70 28,0
3 170 70 28,0
4 130 50 35,5
5 150 60 30,5

The statistical analysis was calculated by the nogStatistica 7.0. The estimation of effects & 3nfidence
intervalsas well as theaegression coefficient, t and p values are givedable 4. The p-values show that only the
second stage temperature is positively signifiqgmtalue < 0.1). The results show that the secoryhg stage
temperature has a negative effect on the drying,tintreasing the temperature the time of dryingrekesesThe first
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drying level does not influence on the drying tirfidis way, considering that the factor that comstrible total drying
time is the temperature used in the drum dryerjdtwest temperature tested for the first dryingeleid30°C) must be
used for energy economy.The coefficient of deteatiom R shows that 98.81% of the total variation can hglared
by the model.

Table 4. Estimation of variables effects for th@perature process on okara drying.

- 0, 0,
Effect Std.Err. t(1) p Cr?f?é(fel C;??é\?el Coeff. Std.Err.

l\ﬁl]f;r(lll 31.3000 0.400000 78.25000 0.008135 28.7745  33.8255%D30000 0.400000
()T, -0.5000 0.894427 -0.55902 0.675490 -6.14720 59@71-0.25000 0.447214
(2)T, -7.0000 0.894427 -7.82624 0.080906 -12.6472 -BB52-3.50000 0.447214
lby2 0.50000 0.894427 0.559020 0.675490 -5.1478B0147190 0.250000 0.447214

3.4 Obtaining thermal properties for okara

The centesimal composition of okara was analyzeldkairatory according to standard techniques, wieah be
found in Matissek et al., (1998). The analysis afisture content was made with samples of 3.0+0.&4tuch were
conditioned in porcelain capsules by direct heatihthe sample in stove regulated at 105°C. Théepranalysis was
accomplished by the Kjeldakligestion method, the fat evaluation was made Byctintinuum extraction in Soxhlet
type equipment and the ashes analysis or fixednalimesidue was made by the mass loss througmthieeration of
the sample in a mufla stove at 550°C. The totdbataydrates were calculated by difference, by sebirg from 100
the values found for moisture content, proteinidépand ashes. In wet and dry basis the analysided the results
presented in Table 5.

Table 5. Centesimal composition of okara.

Component % (wet basis) % (dry basis)
Water 76.49 56.57
Carbohydrates 13.30 2.47

Fats 0.58 38.93

Proteins 9.15 2.03

Ashes 0.48

In order to calculate the okara centesimal compusiincluding the air presence inside the pelléts, okara’s
porosity was also measured. The porosity was oddaiim laboratory by picnometry and the experimantomplished
in triplicate, provided the result of 23.68%. Ip@nometer of 25 mL the measurement of two sampiletssity was
made, one of them containing air from the extrusiod the other one homogenized in order to remtibeaair from
its interior. The results of those measurementdared in Table 6 and the final result for porositgs calculated by
the Eq. 2.

Table 6. Results for the porosity analysis of okargicnometry.

Triplicate Density of the sample Density of the sample with Porosity (%)
without air (g/cm?) air (g/cmd)
1 0.632 0.833 24.09
2 0.636 0.839 24.20
3 0.645 0.835 22.75
- Pa
£ =|1--2 (x100 2
pellet ( pb) ( )

where p, is the density of the sample without air (g/cml gm, is the density of the sample with air (g/cm3).

Porosity is a key property that influences on thedf thermophysical properties. Its effect on spedikat is
negligible, but its effect on density and thermahductivity can be very absolutely meaningful (Maperuma and
Singh, 1988). Thus, if the porosity is not consédkemside the product, the heat transfer numedoalyses and, in
consequence, the mass transfer during drying camrbaeously obtained.

Density and thermal conductivity were obtained frtime centesimal composition considering the poyo&i}.
Density is multiplied by a factor (& in order to account the porosity effect. Thisuastljon density corrects also the
thermal conductivity, which is calculated using sign In order to obtain density, specific heat atermal
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conductivity, each okara pure component prope(tieger, carbohydrates, fats, proteins, ashes) mddain Singh and
Heldman (1993) were used, in proportion of its eespe mass fraction, as described in Eqgs. 3 to 6.

_1-¢, ©))
X
Z(p—‘)
j
Cp=2(x; xCp;)» (4)
k:i T Xy *K; +L ! (5)
2 el
K;
X
A ©
VJ Xj
zi
Pi

wherepis density (kg/m), £the porosityy; is each pure component mass fractmyris the specific heat (J/Ig), x,; is
each pure component volumetric fraction &nsl the thermal conductivity (W/i#).

In Fig. 6 the values of the okara thermophysicabprties are presented, in function of the protiess. One can
observe that the okara density increases with tivhde the specific heat and thermal conductiviégiiease with time.
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Figure 6. Okara thermophysical properties duringndy versus process time (a) Density, (b) Spetiéiat and (c)
Thermal conductivity.

Density increases with time because the solid iraatf okara presents a larger density than wadesdHowever,
the solid fraction of okara has specific heat, terconductivity and thermal conductivity smallkan the water does.
This means that as the moisture is removed fronpitheuct, the heat transfer turns more difficuheTvalues found for
density are between 825 kg/m3 and 1125 kg/m3 aadsplecific heat place between 1500 ®kgnd 3500 J/KiK, for
the drying air temperatures range used in this wbhe values found for thermal conductivity arevssn 0.2 W/rK
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and 0.45 W/riK. This property depends on factors such as cortipnsitemperature and food structure. The thermal
diffusivity, by its turn, represents the speed bé tproduct’s temperature response in function ef dnying air
temperature and the values found for it place betm@9%10’ m?/s and 1.810" n¥é/s. The values obtained for these
thermophysical properties of okara are coherenh wie values found in ASHRAE (2002) for food proguwith
centesimal composition alike.

4. CONCLUSIONS

In this study, the profiles of moisture content @ikara (with an initial value of approximately 7584.b.)) was
measured during drying in a pneumatic tube, in tatianal drum, and in both these equipments. Thedgiing
temperatures used in the pneumatic tube were 13ABE@C and 170°C, while in the rotational drum tivegre 50°C,
60°C and 70°C. Combined drying processes were adgal. In the beginning of these processes the ginyias
performed in the pneumatic tube reducing the okawesture content until 64% (w.b.), when the prodiit presented
a light color. Afterwards, okara pellets were rebv¥o the rotational drum and were dried until thegch the moisture
content of 3% (w.b.). The results showed that ttet €rying level temperature does not influencettos total drying
time. This way, considering that the factor thatteols the total drying time is the temperaturedusethe drum dryer,
the lowest temperature tested for the first dryliewgl (130°C) must be used for energy economy, ttmgewith the
temperature of 70°C in the rotational drum providbed highest drying rate and thus the lower dryinge. The
coefficient of determination Rshows that 98.81% of the total variation can bplared by the model. In order to
decrease drying time obtaining reduced darkeninglde higher air velocities could be used, since thnge of
velocities used experimentally in this study isited (0.044 to 0.073 m/s). However, even using &mwvelocities, the
combined drying process developed in this studyidesl satisfactory results, showing that the niotnél value and the
market potential of okara can be explored furtfidre values obtained for thermophysical propertieslara are
coherent with the values found in literature fosdgroducts with centesimal composition alike.
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